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FOREWORD

An important element of the mission of the Advanced
Concepts Office of Headquarters, U. S. Army Communications
Command, is to conduct studies whereby scientific knowledge
can be utilized in the solution of current or foreseen
problems affecting USACC's operational capabilities. The
proceedings of this workshop rxview the state-of-the-art in
the theory of operation and design of radio systems for
which the air/earth interface becomes a controlling factor.

The proceedinc-s were edited at the Institute for Tele-
communication Sciences, Office of Telecommunications, U. S.
Department of Commeerce, Boulder, Colorado 80302, under
Project Order .CC-409-73, by Dr's. J. R. Wait and R. H. Ott.
Mrs. Thelma Telfer was responsible for arranging and, in
some cases, retyping some of the manuscripts.

The organization, physical arrangements, contacting
speakers and panel chairmen, inviting attendees, correspond-
ing with all attendees, as well as other numerous adrxinistra-
tive details, were all performed in a superb fashion by

f Mr. George C. Lane of USAGEEIA and Mr. Eric R. Osb,,-ne of
the Advanced Concepts Office, USACC.
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OPINING REMARKS
WORKSHOP ON RADIO SYSTEMS

IN FORES1111) AND/OR VEGETATED ENVIRONMENTS

MG JOHN B. HOOVER
DEPUTY CU44tkNDING GENERAL

US ARMY CU44NICATIONS C(M4AND

Ladies and Gentlemen:

0- be~half of the Comnanding General of the Army Communications
Command, MG Jack A. Albright, it is my pleasure to welcome you to this
workshop. I hope you will find ybur stay with us both pleasant and
worthwhile. We are indeed pleased that so many organizations have

z sent their engineers and scientists to this meeting to pooi the store
of knowledge in the topic area of Radio Systems in Forested Environments.
This subject is of particular interest to the Army Communications Command,
as we encounter it in planning, engineering and operating in many areas
of the world in furtherance of our worldwide mission.

As many of you know, our first experience with conventional radio
systems in the jungles of the South Pacific islands in WWII was less than
favorable. Consequently, several energetic research programs were
initiated to study the problems associated with radio wave propagation in
a jungle environment.

By the earl), 60's, Dr. Wait, Dr. Tamir and Dr. Sachs, all of whom
are with us today, presented theories conceining such propagation mechan-
isms. Almost shimultaneously with the beginning of the SE Asia conflict,
the Advanced Resea: 'h Projects Agency of the Department of Defense under-
took a ]arge scale icsearch project to study propagation in a tropical
region. These studies were carried out over the next 10 years primarily
in Thailand and here in the United States.

While these studies were in progress, the Army, including an element
of ACOMM, the Navy and the Air Force, were experiencing radio communications
difficulti.es in Vietnam. These problems are still fresh in our minds.
Therefore, I think it is important to future planning, equipment design,
and system configurations that the communications users and the research
scientists compare notes at this time.

Six and a half years ago, Colonel Tom Doeppner, who is here today and
who then was the program manager for the insearch studies in Thailand,
called a meeting to discuss the technical developments to date and to
decide what new efforts should be undertaken. To the extent possible,
we have invited the participants in the 1967 meeting to be here today.
We have also invited representatives of radio system users in the Army,
Navy, and Air Force, to discuss their problems and past experiences.



Perhaps many of the users' prol lems can be solved by eanploying knowledge
already gained by the R&D effort put forth so far.

A major goal of this workshop is to determine how the results of the
R&D efforts to date can be translated into information and data useful
to the engineers. Guidance and advice can then be mW]e available to the
users of radio systems to obtain opt imum performance. Any gaps in pre:sent
theory should also be identified now.

This week you will be discussing mechanisms, models, environmental
structuring factors, etc.; but i hope you will do so in the light of
such questions as 'What prediction model is best for what situation"?
"What engineering guidelines can be stated"? or '"hat design procedure
should be considered"? Purposely, we have invited personnel expeiienced
in the design and use of a wide variety of electromagnetic emitting
devices. In so doing, we hope to keep the goals broad, yet to combine
the 1•nowledge and experience from many areas.

In addition to our peacetime missions, the Anrm Communications Command
is assigned operational and maintenance responsibilities for Army
cormunications systems in the theater of operations to the rear of the
combat zone. In providing this theater Army comnmiications system, we
undoubtedly will be faced with the problems associated with radio systems
ik forested" regions.

The theater communications systems must be flexible, reliable, and
capable of heavy traffic loads. Currently and into the mid-range time
frame, we expect to use multichannel line-of-sight and tropospheric
scatter systems for command oriented and area network links. High-frequency
radio systems may also be used, particularly when there are longer
distances involved. in the long-range time frame, satellite systems will
be operational for providing some of the intratheater links. However,
our most recent indications are that the length of communication links
within the theater Army communications systems may be stretched beyond that
currently planned for. We may be faced with providing conulunications
throughout an area 700 lam wide by 600 to 1000 Ian deep. The distance
between theater Army headquarters and the most distant corps headquarters
may be 500 km or more. Until the satellite systems are fully operational,
we must be prepared to provide communications within such an expanded
area by using conventional systems.

During this workshop and the formulation of your final report, I hope

you will con5ider the following --1ditional points:

I. Frequency spectrum usage must be reduced as much as possible.

2. Vulnerability to electronics warfare must be minimized.

3. Communication equipment must be highly mobile and its power
requirements minimal.

2



Your scope should be broad enough to encompass the interests of the
Air Force, the NIvy, and other Army agencies. The voices of the engineer
and the user should both be heard. I hope the resulting summary report
will provide the defense community with an authoritative statement as
to the state-of-the-art as it applies to defenje needs now and into the
future.

Again, I welcome you and wish you a stimulating and profitable worxshop.

(
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LUNCHEON REMARKS
WORKSHOP ON RADIO SYSTEMS

IN FORESTED AND/OR VEGETATED ENVIPDNMENTS
6 NOVEMBER 1973

LTG A. W. BETTS, USA, Ret.

"THE ROLE OF THE TN-HOUSE TEAM"

Gentlemen:

Since the selection of a subject for this talk was left
up to me, I suppose I could be accused of preaching to the
choir, but I assure you that that is not my intent. I know
that this audience is well aware of what the in-house team
is supposed to be doing. After all, everyone here has been
pretty close tc the process; nevertheless, the vantage point
from which I have viewed in-house technical activities over
the years is not necessarily the same as yours. In fact, it
may be quite Jifferent.

Actually, if you sat where I did in the Pentagon, or
where 7 AciC do in the Southwest Research Institute, you
might. just might, have a very different point of riew than
you now h1ve. All of this is why I thought it would be use-
ful to share some thoughts with you.

And just what do I see as the role of the in-house team?
Briefly, as I saw it, when I was Chief, Research and Develop-
ment, and as I see it now, the in-house team is in charge.
This in-house team--the technical professionals, that .'s--
is where the action is. :f this team does its job well,
development programs have a high probability of success. If
this team does its job poorly, the probability is failure.
It is that simple.

Of course, the technical team I am talking 2bout doesn't
go it alone. There are many others involved ac all levels of
government but that does not change what I j'ist said.

I know there must be headquarters stiffs to 3ustify
programs and defend the budget before Congress, and Congress
has to approve the funding before anything significant can
ba done. And staffs have to apportion the funds and take
other bureaucratic steps before the action levels can get
things moving. And there are Project Managers and contractors;
lots and lots of people get in the act. The Project Manager
is the guy who picks up where the in-house technical team
leaves off. He is the one whose performance depends so
heavily on the quality of the preparatory work of the in-houset team that leads into his project.

I S5 <
I



In spite of all those people, I still insist that the
foci of technical competency, and the most important
aspects of money control, reside with the technical profes-
sionals who create new concepts, who set the stage for
program decisions.

Some of you are undoubtedly saying, "This guy never
worked at the R&D action level," and you are correct, but
I have been involved in supporting--or administering--R&D
projects since 1945. I think I understand your problems.
I think I understand the difference between legitimate
cost growth and overruns born of incompetency.

The discouraging thing to me is that so many decisions
are being made by bureaucrats who do not understand your
problems, who think that every overrun or cost growth marks
a bad program. They simply do not have the understanding
to cope with justifiee changes in scope or technical
approaches. Consequ,.ntly, we c3ntinue to suffer from the
image of careless ove.rruns, an image that wnuld have had
an entirely different caste if the in-house team had not
made a few very critical mistakes.

Let me illustrate with a few case histories, unfortunately
not from communications projects. Of course, we could discuss
-ILLPRD, but it might take all day.

Let's look briefly at the history of the M551, the
airbcrne assault (AA/ARV) armored reconnaissanre vehicle,
the SHERIDAN. Some of you may remember, the conceptual
requirement for this vehicle called for it to be the first
armored vehicle to be designed as a system capable of firi.ng
both an anti-tank guided missile and-a conventional round.
You may also recall that Congressman Stratton, with the help
of the GAO, had a political field day taking the Army to
task for performance problems and consequent program zlippage
and cost overrun that the Army suffered with this armored
system. Certainly, this system development did nothing for
the Army's image.

Could the in-house team have prevented these difficulties?
I say they could, and that is my reason for using it as a case
study in this talk.

This weapon system called for three separate and distinct
develoment programs, all of which were to push the state-of-
the-art. The vehicle had to be light for airborne reasons,
but it must also be armored and rugged. The guided missile
was to be sophisticated, wire-guided, and it had to have
high reliability to pay its way; and to add a complexity, the
missile was to be launched from a gun tube that would also

6



fire a conventional anti-tank round. As if that wasn't
enough, the anti-tank round was to have a heretofore unproved,
combustible cartridge.

And we almost got away with ic. All three developments
went quite well until the emphasis shifted away from killing
tanks in western Europe to delivering conventional support
of infantry in Viet Nam.

That change in the operational need put the missile on
the back burner and the combustible cartridge up front. It
turned out that heat and humidity affected the burning rate
of the combustible cartridge--hardly a very good prospect
for use in the jungles of Viet Nam.

The problems were eventually solved, not by the Project
Maniager, but by the in-house team, but not until the damage
to our reputation had been done. The key mistake. of course,
was at the very beginning in going ahead with three full-
scale development programs without having solved all the
basic unkncwns.

Another case history, the M60AIE2, a modification of
Sthe M60 main battle tank to give it a guided missile

capability. The SHILLELAGH missile was working fine. The
plan was simply to replace the turret of the in-production,
reliable M60 Al tank with a new turret with the same missile/
cannon combination that had been successfully tested on the
SHERIDAN.

The prototype tests revealed the usual problems that
required correction before going into production, but the
pressure was very heavy to accept these changes for applica-
tion to the first production models as "well within the state-
of-the-art and no problem." You have heard that before. In
this case, the M60 production line was already running and
the cost of shutting it down while we would have waited for
further testing of the new turret would have been enormous.

As it happened, the cost of going ahead with production
was very high in spite of the assurances that the corrections
would be minor. We produced several hundred tanks and put
then, in storage! The key trouble was in the turret system
controls; yet I remember reading the minutes of the IPR
reporting on the prototype tests. The in-house team said
that this was the best turret control system they had seen.
That comment came from one source; others of the in-house
professionals told us later that they knew the turret control
system would give us severe pioblems--another mistake that
could have been avoided if all the relevant information had
reached the decision level.

I7



The third examopl I'd like to discuss .s tie AH56
attack helicopter, the CHEYEINNE, now dcf-inct. This develop-
rment program was one of those that be-gan under i'he gr(und
rules of Total Package Procurement. The contra,__ wL3
awarded on the basis of a paper design banked up by some
test vehicle activity. The contractor was asked to commit
himself to an incentivized, essentially fixed price
development and he was required to quote production prices
before he saw the first piece of hardw;,re.

In spite of all that things went quite well until the
contractor began to flight test the early development air-
craft. You may recall that this aircraft had a hingeless
rotor not like the conventional helicopters of that day.
In the flight testing, a veteran test pilot was killed when
the rotors developed a divergent instability. The blade
flapping simply got so bad that it cut through the cockpit.
The pilot never had a chance.

We learned then how little we knew about the dynamics
of the control system that was being used with what was
called the rigid rotor. That idea had been flown for many
hours on a test vehicle, the XH51, with considerable success.
In fact, it was that success that led us to see the rigid
rotor as a low risk part of the development.

During the endless reviews we went through on the CHEYENNE,
it finally surfaced that an Army test pilot who flew the XH51
had seen and reported the divergent instability that later
destroyed a CHEYENNE prototype. At that time, the instability
was corrected empirically and nothing further was done to try
to understand it, or to report it to higher levels.

We eventually learned what caused it, and we were testing
a new control system that cured the problem when the develop-
ment program was killed. I firmly believe that that aircraft
.- uld have been a most effective weapon system worth every
penny of its high cost. It could have been saved if the in-

-/ house team had but insisted on pursuing the work on the XH51
until they thoroughly understood every facet of the rigid
rotor control system.

I believe those three development programs illustrate what
I wanted to say about the role of the in-house team. That
team buys for the government. They may buy research or
development or production or baked beans. If these things are
to be bought at a fair price, and with a fully satisfactory
return to the government, the in-house team must know what
tney are buying--they absolutely must be technologI-Elly
well informed.

That is where the action is!

8
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INTRODUCTORY NOTE

F-rom

The Technical Program Cairman

An effort has been made to assemble a representative group of papers
from authorities in the field of radio propagation in forested Md
jungle covered terrain. The nain theme of Lhe techircal papers is the
description and utilization of l ateral wave phenoirna in the context
of point-to-peint communication in such situations. Both the basic
phenomenology and the operational experience are covered in varying
degrees of depth.

flhe summaries of the papers here include both the contributions in
the main technical sessions and the submissions from thc working
group sessions. The actual summiaries from the working group chairmen
are included at the end of this report. They have been coordinated
by C. W. Bergman.

In my capacity as technical program chairman, I would like to thank
all the speaktrs for agreeing to present their material and preparinf,
summaries for this document. Also, I should like to thank Dr. R. H
Ott for acting as associate technical program chairman and Messrs.
George Lane and Eric Osborne for helping with many adminisrrative :aTd
technical) problems that arose during the long period of hectic plarning.

;AIS R. WAIT
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PROGRAM REVIEW OF THE SOUTHEAST ASIA

COMMUNICATIONS RESEARCH PROJECT

by

Robert A. Kulinyi

Communications/ADP Laboratory
US Army Electronics Command
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Presented at

Workshop on Radio Systems
in Forested and/or Vegetated Environments
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PROGRAM REVIEW OF THE SOUTHEAST ASIA
COMMUNICATIONS RESEARCH PROJECT

by Rcbert A. Kulinyi
Communications/ADP Laboratory

US Army Electronics Command

I would like to start by giving my working definition of
the title. This is not a program review in the formal sense
that our DOD practice implies. Instead, I would like to set
the stage, in a qualitative sense, for several papers which
will follow,giving you, in effect, a review 3 quantitative
aspects of this program.

You will find many references to the term SEACORE -
it is an acronym for SouthFast Asia COmmunications REsearch
It was coined in 1962-primarily-to co-ver activities-und&: 'ne
Advanced Research Projects Agency (ARPA) Order 371 which, from
an extremely modest beginning, expanded through some 21 amend-
ments. This program was managed by the US Army Electronics
Command (ECOM) at Fort Monmouth as Service Agent.

SEACORE followed two major lines of effort covered by
contracts. The first was with the Jansky and Bailey (J&B)
Division of Atlantic Research Corporation. This actually
was pre-existing with respect to SEACORE, having started as
an ECOM effort in early 1962 for a more modest program in-
tended to accomplish limited path loss measurements in Panama.
This work was redirected as an early amend:nent to ARPA Order
371 with greatly increased urgency. Site selection in Thailand
began in the latter part of 1962. Evehtually, J&B operated at
several cites in Thailand, as shown in Figure 1. Another
ccntract, in accordance with ARPA guidance, was with the
Stanford Research Institute (SRI) for broader based tasks
to be carried out both in Thailand and the US. SRI activities
in-country are shown in Figure 2.

P-w i few words to sketch in very briefly the achieve-
ments ( . the SEACORE Program. This is well demonstrated by
a bib.liography preparefl by Mr. Morris Acker as part of ourc~ncr~ding SEACORE ictiv'ties. It is attached as an appendix
to th~s report. A ,quick scan of this bibliography shows 16
semi-annual and final report volumes from Jansky & Bailey.
There were also in-house ECOM reports and others from cor-
tr-r.ual efforts with the Polytechnic Institute of Brooklyn.
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This is only a portion of material that has been gen-
erated in the technical literature as a result of SEACORE
activities. The two major contractors and other people who
have worked on the SEACORE Proaram have written presentations,
papers and reports, many of which have found their way into
public print. hecently, the Journal oi- Detense Research,
published by ARPA, winter issue of 1972, contained an ex-
censive article with the title Electromagnetic Propagation
in a Tropical Environment authored by Doeppner, Hagn, and
Sturgill, three veterans of SEACORE. This paper has some
46 pages of text and a bibliography of 100 items. A quick
check shows that about two-thirds are from reports and other
material generated in the SEACORE Program.

Qur results were not confined to theoretical analyses
or other types of software but at all times in the conduct
of the program, there was ongoing activity concerned with
hardware and operational matters. At least one significant
item entered the inventory of the US Army as a direct
result of the early work by ARPA in this Pzogram. It is a
high frequency manpack radio set, the AN/?PRC-74, which was
used in South Vieti.an and elsewhere around the world.

It also seems appropriate to give an abbreviated chro-
nology. Amendment No 1 to ARPA Order 371 was effective
early in FY-63. Actually, work had begun earlier in the form
of Army contrecting with J & B and programmatic inputs to
ARPA. The site survey and establishment of an ECOM field
office, which was the first in country SEACORE presence,
occurred in the second quarter of FY-63. This marked the
start of a build-up phase which lasted until the latter half
of FI-63. Some additional growth occurred from time to time
as guidance shifted. Effort reached a peak in 1966 and 67.

Beyond that point the program began to go downhill until

phase out in 1969. Closing of the ECOM Thailand field office
occurred at the end of that year. Work under ARPA Order 371
and related work by ECOM phased out by 1972. Actually, the
"publication of material by SRI concluded only a few weeks
ago wi:h the issue of Special Technical Report 46, one of a
series of late issues, due largely to the personal interest
and leadership of George Hagn, who is active in this meeting.

The J & B work emphasized our inte':est in effects of the
jungle on radio signals. Their major effort was to measure
path loss ir this environment and an attempt to relate these
t.o..ervations to distinctive characteristics of tropical terrain.
Prime attention was focused on /,egetation and two major types
of forest were investigated at great length. First measurements
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were made in a wet and dry evergreen forest. Other work was in
a true rain forest, located only a few degrees from the equator
in southern Thailand.

In Figure 1, the northernmost site (shown as Area I) was
the wet and dry tropical forest. The closest inhabited place
is the town of Pak Chong. The tropical rain forest was
southernmost in Thailand and referred .o as Area II. The
nearest significant town is Satun. In some reports, it is
also referred to as Songkhla. Path lo3s measurements were made
over the electromagnetic spectrum from 100 kHz at selected fre-
quencies to 10 GHz though not all frequencies were measured
over each trail at all sites. Final processing of data by J&Z
was carried out in the Washington, DC area.

The work of SRI was much broader in nature covering speci-
fied operational analysis tasks defined by ARPA, a number of
tests on communications equipment and three dimensional measure-
ments of antenna characteristics in the jungle. As preparation
for this effort, such antenna measurements were also made in
the United States, both in. open terrain and in temperate zone
forests. From the stact of the SRI effort, a significant part
of their tasking was to involve qualified Thai engineers, mili-
tary aid civilian, in the work. This was accomplished as can
be noted in various SEACORE related bibliographies which cite
Thai engineers and scientists as authors and co-authors. Many
basic measurement efforts in Thailand were undertaken by SRI:
radio noise, ionospheric characteristics and geomagnetic ob-
servations.

A third major effort under SEACORE was provision of an
electronics laboratory facility for use jointly by the US and
Thais in Bangkok. This was one of the earliest hardware efforts
in the SEACORE Program and is one of the more notable achieve-
ments. Within 9 months a laboratory was configured as a joint
effort between Stanford Research Institute and the Electronic
Defense Laboratory of Sylvania Electronics Systems as a contrac-
tor to ECOM. This included the physical construction and check-
out in the US, transportation to, reassembly and energizing of
the equipment in Thailand.

While not ranking high in terms of expenditure or overall
scope, there were a number of efforts accomplished in-house at
ECOM and other government agencies. Dr. Theodor Tamir, as an
ECOM summer scholar, helped with our technical monitoring of
t'EACOP2 in 1966. This resulted in articles that dealt with
iatera! uave phenomena 4n jungle areas. Dr. David Dence of
ECOM joined in .tudi'z with Dr. Tamir and extended some aspects
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of the work. Significant help was received from Rome Air
Development Center which provided their KC-135 aircraft and
personnel to accomplish air-to-ground tests in conjunction
with Jansky and Bailey in Thailand and this resulted in some
significant SEACORE findings.

Figure 3 sbows an air view of a landscape which is
typical of southern Thailand. However, many areas to the
North have as abrupt and variable features as you see here.
A difficulty that we run into is to separate effects of under-
lying terrain from those of vegetation which, of course, has
a set of variabilities all its own. In Figure 4 we see the
northern test area, Pak Chong, the wet and dry type of tro-
pical forest.

We actually built a small village in secondary growth
jungle. It is approximately 15 miles from the nearest all-
weather road and town. Test crews lived and worked in these
buildings for a period of time. Then some men were rotated to
Bangkok, assisting in the pre-processing of the data and
recovering from jungle isolation.

SIn Fiq%%re 5, you see the southern site which was in a
true tropical rain forest. The trees at Satur were much

Scloser together. On the average, they were larger and taller
than the trees encountered at Pak Chong. Rainfall was con-
siderably greater and occurred without the inzerruption of
a dry season.

In this case, the only residents were a group of ser-
vice people that maintained the site and supported the techni-
cal working crew who were transported by air from the town
of Songkhla on the east coast of the Kra peninsula. One of
the aifficulties that led to this arrangement is shown in
Figure 6. Thie low ground-presuure vehiole was procured
specially to assure that supplies and personnel could be
moved to the site by ground transit under non-flying condi-
tions. It is capable of a payload of 1 ton and traverses
either water or most types of earth.

Vegetation was dominated by trees at th.s site. There
are usually a few trees of great size. We al.io found, in
the latter phases of our studies, these have a strong impact
upon signals which -ire sensitive to multi-path effects. In
Figure 7 we see a working area at the Satun site as well as
some further details of the vegetation. The tower in this
picture was uved for studies at several frequencies above
400 MHz up to 10 GHz. It was used for height parameter studies

In Figure 8 we see an instance of a mixed path case. This
involves an open area, often with taller grass, at the edge
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Figure 3 - Thailand Terrain from the Air

/

Figure 4 - Air View of Pak Chong Site
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Figure 5 - Air View of Satun Site

L
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Figure 6 - Special Vehicle on Trail Near Satun Site
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Figure 7 - Satun Site with Microwave Tower

Figure 8 Chumporn Site with Special Transmitter
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of the jungle. This was an SRI site near Chumporn which is
a little over 100 miles north of Satun. The device on the
man's back is a test radio transmitter with accurately cali-
brated power output. It will be received as the man walks
across the interface and into the jungle. As he proceeds
over various marked trails, effects of the jungle vegetation
at a number of VHF frequencies are observed.

At this point, let me bring to your attention an event
which, in a way, was the immediate predecessor of our work-

shop. I am referring to a 1967 Study Group Meeting sponsored
jointly by ARPA and ESSA, which had for its objective a re-
view and determination of the then-current status in the sub-
ject area "Environmental Effects on Short Range Communications".
That is also the title of a meeting report which was published
with DDC No. AD 660-040. The 1967 meeting really should have
been called a workshop since, after receiving a number of tech-
nical presentations, it broke up into 4 working groups for
specialized deliberations.

The findings of the 1967 study group were expressed in de-
tail in a series of working group papers appended to the above
report and in a series of recommendations. These were divided
into four subject areas. (1). Exploration of the environment:
subjects considered were problems of the upper atmosphere,
surface and vegetative cover, terrain and radio noise; (2).
Measurement techniques were concerned with: terrain irregular-
ities, roughness, electrical parameters in vegetation and in

the ground; (3). Systems and component studies addressed: evalu-
ation of advanced systems, the relation of such concepts to
current inventory items, antennas, near-field effects associated
with antennas and related environmental parameters; (4). Model
studies considered: simulation, mathematical and physical models
where propagation was involved.

Space does not permit. detailing results that flowed from
that meeting. Pulse measu:xemerts were funded by ARPA and
carried out by J&B in Thailand plus swept frequency observa-
tions which led to some very interesting computations of co-
herent bandwidth in the jungle channel. An effort of con-
siderable interest was carried out at Brooklyn Polytechnic
Institute by Dr. Tamir and his associates, jointly suppoz*ed
by ARPA and ECOM. This advanced our analytic capability rel-
ative to the lateral wave. It generated a very interesting
example of physical modeling which served to verify and ex-
tend analytic findings on the lateral wave.

Now, lest we wax too complacent, it should be noted there
are a few unsolved problems and work undone. One of these deals
with gathering together information available from SEACORE into

I-A-9



a more coherent and accessibie body of data, perhaps in the
form of one or more text books. We need to provide a better
mathematical modeling capability to include more aspects of
the slab model. Our ability, specifically or statistically,
to relate parameters of forested and vegetated areas, to current
systems has not been sufficiently addressed. Furthermore,
there has been a decline in experimental efforts which good
scientific practice dictates should go hand in hand with analyt-
ic work that has been done in recent years. This has to occupy
a high rank on our list of undone work.

Now to conclude my presentation, rather than trying to
summarize further, I would like to illustrate briefly what
can be done when the determination exists to get it done, even
though one may be operating in an unfamiliar and exotic en-
vironment. In Figure 9 you see a view of the Electronics Lab-
oratory, before it left the United States. This is probably
the best overall view we ever had of what came to be called
the T Lab. It is shown at a Sylvania Electronics Systems in-
stallation in Mountain View, California immediately prior
to shipment. Each of the three major wings was -thirty feet
long and shipped as a unit completely stowed with electronic
measurement gear and supplies. Also aboard was an excellent
technical library.

In Figure 10 we see a view of the installation in a
suburb of Bangkok. The significant thing here is the short
period of time which separated coi.ception of this facility,
its construction and the throwing of the switch in Bangkok:
about nine -months overall. It functioned for the better
part of 10 years as a part of the Military Research and Develop-
ment Center activity in Thailand.

One of the distinctive features of the SEACORE program was
effort on the part of all people involved to move ahead, impro-
vise and solve problems as best they could on the spot. The
last two figures give an example. In Figure 11 you see an
early attempt to overcome some of the rainy season problems in
the Pak Chong area. This was an attempt both to conduct a
site survey and to do experimental work using a radio with
a whip antenna. Naturally, this was found to be most in-
efficient, although presumably, there was a good ground con-
nection.

In Figure 12 we see what might be called an "ultimate"
solution, a mobile half wave dipole utilizing chree elephants
to maintain a much more efficient antenna capability along
the trail. This concludes our SEACORE review. Papers to
follow will provide more quantitative inputs on this and
related subjects.
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Figure 9 -T-Laboratory at Mt. View, California
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Figure 11 - Elephant with Radio and Whip Antenna

Figure 12 - Elephants on Trail with Mobile Half-Wave Dipole
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LATERAL WAVE APPLICATIONS TO RADIO SYSTEMS

T. TAMUR
Pclytechnic Institute of New York, Brooklyn, N. Y. 11201

I. Introduction

Prelimicary studies /1-7/ of radio-wave propagation in a forest assumed
that the signal travels along a line-of-sight path if both the transmitting
and receiving antennas are inside the vegetation. Because the vegetation
possesses a finite conductivity and thus behaves as a lossy medium, the field
would then suffer a decay in the form exp(- od), where o is the plane-wave
attenuation factor and d is the distance traversed by the signal. Measure-
ments of o along relatively short distances d then indicated that losses
-ould be pronibitively high and the use of a sky wave was suggested /4/ to
avoid a long losay path through vegetation.

ALhough the single line-of-sight path had been regarded as a reasonable
model, some of the earlier investigators /1,6/ reported that the signal o..ten
appeared to arrive via a tree-top diffraction mechanism rather than directly
through the vegetation. Such a mechanism has later been confirmed and sys-
tematically measured by the extensive field-strength measurements carried out
under the SEACORE project /8,9/. Based on these measurements, theoretical
studies have shown /10-13/ that the tree-top path is due to a lateral wave,
which appears as a distinct field component if the forest behaves as a lossy
layer. This layered geometry for a forest had been first suggested by
Pounds and LaGrone /14/ and the evaluation of the electromagnetic field then
reduces to the solution of a classical boundary-value problem involving a
lossy dielectric slab. Although not specifically in the context of a forest
layer, the lossy-slab problem was investigated in detail by Tamir and Felsen
/15/ who showed that the lateral wave yields the principal field contribution
for large distances d. Subsequent theoretical studies /9-13,16,17/, most of
which were based on or were motivated by data provided by the SEACORE effort
/8,9,18-20/, have indicated that the lossy-slab configuration and its attend-
ant lateral wave represent a valid propagation model for the frequency range
of 2-200 MHz. Belcw 2 MHz, the presence of a forest has only a negligible
effect on radio waves; above 200 MHz, the scattering of the signal by the
follage produces local field variations which are usuallya so lrge that the
fossy-slal model can have only a limited usefulness. Nevertheless, recent
radar work at 435 and 1,300 MHz. has indicated /21,22/ that this modeling
technique can be extended well above 200 MHz. provided that the statistical
variation of the slab parameters is properly accounted for.

II. The Iateral Wave Field

A complete description of radio-wave propagation in a slab model of a
forest should in-,ludean ionospheric layer /12/, as shown in Fig. 1. The
forest vegetation is then characterized by a relative complex permittivity

E 1 (1- j tan I), (1)

where measured data /18-20/ of E' range between 1.01 and 1.1, whereas tan
varies between 0.01 and 0.15. The forest slzb therefore behaves as a

lossy dielectric, in contrast to the ground below which behaves as a lossy
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conductor. Under these conditions and for large distances d >> h, the sig-
nal radiated by a transmitter at T reaches a receiver at R via one of the
followig paths:

(A) A direct line-of-sight wave as shown by the ray TR in Fig. 1, and re-
flected waves such as the broken ray TSR. Other reflected rays, which
are due to reflection from the ground or to multiple reflections at
the forest-air and forest-ground boundaries, are also present but they
are omitted for clarity.

(B) A sky wave, shown by the trajectory TJKIMZNR, which is due to a single-
hop reflection from the ionosphere.

(C) A lateral wave along the path TABR, which travels mostly in the air
region by skiniming along the tree-top contour.

Because the direct and reflected waves under (A) above travel in the
lssy mediu-m, their amplitndes decay exponentially with d and therefore
th6ir contribution to the field at R is usually negligible. In contrast,
the sky wave (B) and lateral wave (C) progress mostly in a lossleas (air)
region. However, as the s1-7 wave may occur only within a narrow frequency
range (about 3-10 MHz) and as its total trajectory is at least 100 kin, long,
it turns out /12/ that the lateral wave accounts for the field at distances
of practical importance (about 1-20 km.) In forest envirouments.

z
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Fig. 1: Idealized planar geometry of a forest environment



The lateral wave is physically accounted for by a diffraction process,
which differs from the geometric-optical character of either the direct and
reflected rays in (A) or the sky wave in (B) above. If the f;:- t layer is
viewed macroscopically as a homogeneous (smoothed) slab, as was isumed in
the theoretical studies /9-17/, the lateral wave is accounted jec by3 the "ray"
radiated at the critical angle 0c of total reflection, wh!.-n _s given by

1
sin 9j = (2)

The alternative microscopic view of the forest layer would have to consider
the tree trunks, branches and leaves as individual scatterers /21/. At fre-
quencies for which the scatterers' dimensions and refractions are small com-
pared to wavelength, the fields due to randomly located scatterers appear to
interfere constructively in a forward direction along the tree-top boundary,
thus producing a resultant field that progresses along the trajectory AB.
The lateral wave mechanism is therefore consistent with a forest layer iihose
composition is either homogeneous or discrete (with densely packed small
scatterers), for frequencies up to about 200 NMiz. and possibly higher.

The lateral-wave field E at R due to a dipole at T is given.- /10-13/ byL
/ d +V 1 (2h-z-z)]

60 la eE -- C d2 F(z) F(z ), (3)
2 d

where k - 21r/X is the plane-wave propagation factor in air, la denotes
the dipole moment and EL is measured in the xz plane wherein the transmit-
ting dipole is located, the dipole being placed either horizontally or ver-
tically. The functions F(z) and F(z ) depend on the specific (horizontal
or vertical) polarization being used, Lnd on the ground and forest parameters.

As indicated by Eq. (3), the variation of the jateral wave is different
from that of geometric-optical (line-of-sight, reflected and sky) waves. In
particular EL decreases with distances as d- 2 , which should be contrasted
to the &naller decrease d-1 of (spherical) geometrical waves. The implica-
tions of this and other characteristics of the lateral wave are discussed
below,.

III. Radio losses

For communication purposes, the radio lotses incurred on the one-way prop-
agation path between a tranrmitter at T an" a receiver at R constitute a
limiting factor in the design of radio systems. For both R and T being
located in the forest, those losses have been examined by Dence and Tamir /16/
who showed that the total radio loss L (in d&.) is given by the sum of four
separate losses as follcas:

1. An initial loss L which is obtained from Eq.(3) if the ground proximity
is neglected, i.e,, F(z) = F(z ) = 1, and if both T and R are located
at the forest-air boundary, i.e., z = z = h, in which case L is pro-

portional to PE- 1_ d2.
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2. A separation loss Ls, which is additional to Lo above if z and/or zo are
smaller than h. Thus L. is given by the factor I exp(jko V " s)I of
Eq. (3), with s = 2h-z-zo.

3. An interference loss Li, due to the proximity of the ground. This loss is in-
versely proportional to tF(z) F(zo)J of Eq. (3); it turns out that Li is
particularly large if one (or both) anternas are close to the ground.

4. An antenna resistance loss Lr , which does not follow from Eq. (3), but is due
to the fact that the input resistance of an antenna is strongly modified if the
antenna is loweied close to the ground.

Because the last three losses Ls, Li and Lr generally increase if one (or
both) antennas are lowered below the height h, it follows that a gain is achieved
by raising one (or both) antennas. This antenna-height gain has been well documented
by the SEACORE measurements /8,9,20/. It should also be noted that, although the
foregoing considerations apply if both antennas are inside the forest, analogous re-
sults for the radio los6 L can be derived if one of the two antennas is in the air
region above the tree tops /17/. In this case, the signal arrives via the lateral
wave only if the antenna in the air region is not too far above the tree tops. When
this antenna is very high (say, more than a few wavelengths above the forest canopy),
a refracted line-of-sight wave may account for a stronger signal than the lateral
wave /17,23,24/.

In addition to the antenna-height gain, other observed effects can be explained
by considering radio losses in conjunction with the formulas for the lateral wave.
Thus, one finds that strong depolarization of the signal may occur /12/. At reason-
able antenna heighta above ground, the radio losses are generally smaller for hori-
zontal polarization. However vertical polarization may be preferable /16/ if one of
the eutennas must be very close to the ground.

IV. Radar Applications

Recent efforts /21-24/ have involved radar systems operating at frequencies above
100 MHz. for detecting targets (vehicles or personnel) located in a forest. Although
the vegetation losses are known /8,9,20/ to be very large above 100 MHz., the operat-
ing frequency of these radar systems must remain high due to other factors such as
range accuracy, available power, aW-enna gain, etc.

The principal effect of vegetation in radar detection is to produce a large
amount of clutter. This unwanted clutter is especially strong in the case of ground-
based systems because the returrn signal is then accompanied by very many echoes from
a relatively large scattering volume, which severely limit the capability of the
radar system. This limitation can be avoided in the case of moving targets by using
Doppler techniques that suppress signal returns from stationary objects and/or from
moving objects that have an average zero displacement, such as trees swaying in the
wind. However, such a Doppler-radar system is still subject to propagation losses,
which are larger in a forest than over bare ground. Hence the performance of the
system is dictated by the propagation mechanism that holds under the1e conditions.

To illustrate these aspects, cons'der the radar equation for a mono-static radar

system, which can be written as

P r (GO)2 (4)
P tr 41T
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where 6Y is the radar cross-section of the target, G is the antenna gain and D
denotes the reduction in power due to p~ropagation along a distance d between the
antenna and the target. Thus, in free space this reduction is given by the spherical-
front variation

D=4 (5)

However, if the radar antenna is in a forest, the field is givcn by the lateral wave
EL in Eq. (3), in which case, the proper value of D to be used in Eq. (4) becomes

D ee1  k 0e Flf_7Tf (2h-z-z) FW r(zo) 2Ds (6)

Because of the factor X/d in Eq. (6), the ratio Prec//t r varies as d"8 rather
than as the free-space variation d- 4 . In addition, the other factors inside the
magnitude signs of Eq. (6) yield a value for D which is generally smaller than Ds.
One may then define a terrain factor

Lt 20 log (Ds/L), (7)

where the subscript 2 in Lt2 denotf.s that the result refers to a two-way terrain
loss.

The terrain factor Lt2 represents a figure of merit, which determines the
(usually decreased) capability of a radar system in any given specific environment
as compared to its operation in free space. In addition to Lt2, other deteriora-
tion in the radar performance may be dde to the fact that the radar cross-section
(S and the antenna gain G of Eq. (4) may, under actual terrain conditions, be
substantially different from those in free space. howeve:, it is believed /23,24/
that the influence of Lt 2  is greater than that of other possible factors.

Analogous considerations hold if the antenna is located above the tree tops,
in which case Eq. (3) is replaced by another expression /23/. For the frequency
range of 100-1000 MHz, it was found /24/ t'-at, for a given antenna aperture, the
deterioration in the performance of a Doppler radar system due to the presence of
a forest is less severe at lower operating frequencies. However, this result holds
only if the terrain factor Lt2 is considered; of course, other factors may affect
the choice of an optimum frequency for such a radar system.

V. Concluding Remarks

Because the large amount of data now available shows a strong degree of corre-
lation with the theoretical results obtained frorn a lossy-slab model, it appears
that this model is quite adequate in predicting averaK-eg• propagation covditions in
for'est environments. In particular, if the antennas are inside or close to the
vegetation lay=c, the poopagation mechanism is in the form of a lateral wave.

The forest slab model is instrumental in providing predictions for radio losses
and other propagazion conditions, but the accuracy of these predictions depends on a
precise knowledge of the complex permittivity IE1 of the forest. To improve propa-
gation predictions in the future, further measurements of E1 should be undertaken;
such meacurements should also be carried out in forest environments that are different
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from the specifiz. tropical jungles covered under the SEACORE project /18-20/. In
the context of further studies, it should also be noted that a few mixed-path con-
ditions have been considered /9-11,17,21-24/, but more extensive and systematic
investigations into paths that traverse only partly through a forest need to be
carr.ed out to achieve a clearer understanding of the effects of vegetation on radio
waves.

From another point of view, it is worthwhile to enmhasize that the lossy-slab
model he, been shown to be adequate in providing results for the field average
(or mean value), but no satisfeatory models are as yet available for obtaining the
field variance. Even those models that assumed random variations of the lossy slab
parameters /21,22/ had to be restricted to small variations of unknown magnitude.
Both experimental and theoretical studies into the statistical nature of a forest
environment are therefore required to formulate design criteria for the efficient
operation of future radio-wave systems.
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1. Introdpo-teon
Thi.s paper discusses the electrical properties of vegetation and

forest.. The characteristics of a single tree are discussed, and

then a group of trees is considered from both a microscopic and a

macroscopic point of view. Methods for calculating and measur'tng
the macroscopic electrical properties of a forest are discussed, anC
texample results are presented. Problems in the determination of the
electrical properties of forests and vegetation are discussed.

2. Electrical Characteristics of a Single Tree

A single oak tree was successfully modeled by Arnold, et al.1
as a conducting sphere mounted on a grounded conducting mast for
predicting the effect of a living tree on the earth's fair weather
electrostatic field near the tree. At HF, the radar cross-section
of an oak tree was measured by Steele. 2 He concluded that the ver-
tical trunk made the main contribution to the scatter. Steele3

applied his results to the calculation of Hr backscatter from ter-
rain. The patterns of VHF radio waves scatternd from an isolated
tree have been studied by Lerchirachoonkul; 4 he also studied the
driving-point impedance of a dipole near a tree trunk. The rader
clutter spectrum of a single tree was studied at UHF by Huerta,
et al., 5 who vredicted a Doppler spectrum useful in radar applica-
Zion:. Trees were considered for use as antennas by Squire.6,7
Trees were investigated more recently for use as electrically-
driven anternas by Dickinson, et al., 8 Hagn and Parker (see dis-
cussion on p. 2 of Ref. 4), and Lorchirachoonkul 4 -- all with
relativelyj discouraging results. Ikrath, et al.9910 used a helival
torpid to excite a single tree located in a group of trees as a
method of coupling energy into a forest - with encouraging results,
Taylor, et al.11 studied the effect of a single tree upon a nearby
open-wire transmission line and concluded that it loaded such a line
as a lossy cavacitor.

Plants, like peopl(, are compooed mostly of water, and the
similarity of the response of planst and human tissue to electrical
stimulus has beena uotc4 by Lawrence. 1 2 Ikrath, et i1. 9 comented
on the ir.Lrease oZ a plant's intarnal resJstance whor subjected to
electrical t-auma. Pickard i, currenýly studying the electrical
respcnse of plants to trauma.IS The blo-electric potentials of
plants and their functional significance have been studsed by
Fensc'm, 14 , 15 and Baxter- 6 has even obser;ed the electrical respornse
of plants with a polygraph! The topics in thiU paragraph are
mentioned only in passing. Some of then may be germire ,o the study
of trees ap antennas, but the author is not able to assess their
uccuracy or potential utilit: for this application.
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Dickinson, et al. 8 estimated the intrinsic conductivity of a euca-
lyptus tree trunk to be 0.24 mho/m at HF. This was significantly
higher than the VHF estimates of Parker and Hagn1 7 for willow leaves
and branches (0.03 mho/m) and the range of values inferred by Parker
and Makarabhiromya 1 8 for cut tropical vegetation (0.025-0.06 mho/m).
Hagn and Barker 19 concluded that tha intrinsic conductivity of vege-
tation at HF and VHF probably was in the range 0.01 to 1.0 mho/m.

Theas characteristics of aingle trees are interesting in their
own right, but it is also important to consider the electrical pro-
perties of a large enough group of trees to consider modeling the
forest as a continuous slab as suggested by Pounds and La Grone. 2 0

3. The Slab Model of a Forest

We know that a forest is electrically inhomogeneous and aniso-
tropic, and that it is physically discontinuous ann has an irregular
air-vegetation interface. But we accept (as the simplest approxi-
mation) for modeling purposes a continuous medium of constant height
that is homogeneous and isotropic. As a minimum electrical and
physical description, we need to dete-mine the effective macroscopic
electrical properties of such a slab (e.g., the effective complex
dielectric constants of the groumd and vegetation) as well as its
effective iieight. There are two basic approaches to determining the
effective macroscopic complex dielectric constant of a group of
trees: microscopic and macroscopic.

3.1 Microscopic Approach

The microscopic approach consists of solving the detailed
problem of the current density flowing in each individual tree
illuminated by an incident wave for a given geometry, summing the
resulting re-radiaeed waves with the correct amplitudes and phases
to give the resultant field vector at a given point, and relating
the result back to the effective electrical prop.erties. This is
essentially a deterministic scattering approach,* and theoretically
one could use knowledge of the scatter from a single tree (or its
equivalent conducting cylinder as discussed by Steele2 and by
Lorchirachoonkul) 4 and the principle of super-position to obtain
the desired result. There are many potential benefits if the pro-
blem could be solved in this manner. For example, the statistics
of the fluctuations of radio system loss could be derived by suc-
cessive computations of the resultant field for different receiver
locations for a given tree height and spacing geometry chosen from
the appropriate joint distribution. Also, channel distortion ef-
fects (e.g., multipath) could be deduceLd from such a detailed model.
As mentiooed above, Ruch an approach would, if properly done, yield
the macroacopic properties (effective complex Aie3ectric consteat)
of the fcrest considered to be a lossy dielectric slab. But the

*T7e scattering problom has been treated theorecically by
uence and Spence 2 l using a 2-point corral3tion of the refractive
index, of the forest - considered to be a random medium.
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problem is most difficult in that extremely good models for a
single tree would be requir' 4 (e.g., perhaps at HF and certainly
at higher frequencies it wai.d be necessary to include, the kffects
of branches as well as the trunk), and much computer ce Lty would
be needed. Hence, this approach is not practical at the present
time. To date, the only successful generalization from modeling a
single tree to modeling a group of trees known to the author has
been the m,.el for Doppler developed by Huerta, et al. 5 although
the transmission-line approach outlined in Chapter VI of Taylor,
et al., 11 may work for the effective macroscopic electrical pro-
perties. As a result of the complexity of the microscopic approach,
most of the efforts to date have gone into using a macroscopic
approach to determining the complt c dielectric constant used in
the alf-space 2 2 or slab models 23 26 to computt mean (or median)
basic transmission loss and antenna characteristics.

3.2 Macroscopic Approach

The classical anproach involves f.nding the polarization
vector, f for a given volume (equLvalent dipole moment per unit
volume) for a given applied electric field vector E:

.P = *, (1)
where p is a scalar quantity called the polazizability of the
medium. The electric flux density vector, *U, (which is Independent
of the properties of the medium) is relat(d to the electric field
vector E:

DiE. I+ T + PE - CE, (2)

where 6- permittivity of free space.
Er effective complex relative dielectric

constant of the medium.

The polarizability is deduced from a set of equations called the
constitutive relations for the "equivalent continuous wedium," wbich
is our model for the actual mediuxi conaisting of air, trees,
underbrush, etc. The refractive index for the medium (n, the ratio
of the phase velocity of a wave in the medium to the spced of light
in vacut-l can be computed:

n= (I -t- p/=id I) (a - JO. - ) (.)
or p 6 E,(f-1) e. (n2_1)

uhere ,%- real part of effective relative dielectric constant.
r - efiective conductivity of the forest in mlio/m.
74,- free-apace wavelength, in meters.

But "ow can we determine the polaxizability of a forest (i.e., how
can thr valza* for Lrbe obtained)?

4. .Teoret.ical Calculations of the Macroscopic Forest Patamaters
One approach to estimating (?r of the slab is to assume that

a certain fracticn of the slab volume is occupied by vegetation

(mostly vater, with Z 80, and a little cc)lulose, with 1 • 5) and
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that the remaining fraction is air ( 1). We can then compute
.he diel ctric constant of the mixture. If it is assumed that the
dielectrics are arranged in parallel layers we can compute an upper
bound, and if we assume the dielectrics are arranged as slabs in
series we can compute a lower bound. This approach has been used by
Lippmann 27 and by Parket and Hagn 1 7 but the bounds obtained are too
large to be useful for radio propagation problems. The same general
approach can be used for bounding the effective conductivity of the
slab but 1z is difficult to etimate accurately the intrinsic con-
ductivity of the vegetation. To attempt to narrow the bounds on
EC it is necessary to consider the actual spatial distribution of
the vegetation. Pounds and La Grone computed C, for a pine forest
by calculating the polarizability of the medium containing pine
needles. They used the theory developed for artific4 al dielectrics
made from conductors. Even then they were forced to employ some
rather gross assumptions to compute E. , and they required measured
propagation data to make a rough estimate of 0. It is concluded
that 4' can be calculated for some simple special cases but that
measurements are needed for determining 4. for living vegetation.

5. Tecbmiques for Measurement of the Macroscopic Forest Electrical
Parameters

Numerous techniques for measurement of C4 for a forest have
been studied, as described below.

5.1 Inference from Comparisons of Propagation Measurements
and Analytical Model Predictions

The most direct approach to estimating slab electrical
parameters for use in propagation models for basic transmission
loss (or equivalent) is to fit an analytical model containing 6.
to measured propagatior data by adjusting forest height and Cr for
the forest and the ground. This method has the advantage of yield-
ing the empirically derived values that are directly useful in the
---Ael of interest, but it has the disadvantage that the parameters
are act unf-Ittely determined. It is possible to use height-gait)
measurements in the forest near the air-furest interface to measure
the lateral wave attenut.-ion constant,OL 2 2-when the transmitter-
receiver separation is sufi-;..2.ent so that the lateral wave is the
dominant propagation mode. Note thatAL contains information about
E and fT (one equation and two unknowns). Hence, it is necessary
to make another measurement and solve another equation containing 6r
and C" (e.g., measure basic transmission loss at very cloie range
and Xit t.e numerical solution developed by Wyatt).24

Thus far we have talked about solving for 6,. for a homogeneous,
isotropic slab. 17is approach has been succesi2u. when appiied to
predicting the gross features if basic t'ansmisiiou loss for
f 4 300 MHz, but it is known that the forest is an..sotropic at '.W
and below. Data from various sources indicate that C• can be
considered isotropic but that the forest conductivity is zreater for
vertical polariration for f f 300 MHz. This is not surprising
because of the predomin'ant verical component of most vegetatý.,n
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II
and because of the size (in wavelengths) of the horizontal tree

branches. A further complication is that actual forests are often
not homogeneous ;.'ith height or distance. These cases can be
included in the model, 2 8 but witt- rapidly increasing complexity--
at least as far as inferring the required Er values.

5.2. Antenna Pattern Techniques

Another method of eqtimating forests electrical proper-
ties is to ase a model for the directivity pattern of an antenna
located in a forest and compare computed directivity patterns with
measurements. This technique has been employed by Barker, et al, 2 9

at dF and VHF, and by Muehe and Cartledge30 at UHF. It is useful
for estimating 'Er and for f 4 1GHz, but is increasingly hard to
use for f > 500 MHz.

5.3. Wave-Impedance Technique

VTe measurement of E and H fields as a function of
frequency in air and in vegetation--as proposed by Reeve and Adams3

appears to be a promising method of estimatin§ Er and a' of a
forest in the frequency range where a ,O2 C&r (• W radian wave
frequency). For most forests, this frequency range will begin near
the lower end of the HF band or below.

4
5.4 Open-Wire Transmission Lire Techniques

Heasurements of the driving-point impedance of open-wire
transmission line (OWL) probes inserted tnto thelleetati4 can be
used to estimate Er for the volume in proximity. ,LJ,18,h Such
probes ivie a direct estimate of average effective e. when proper
in ritu sampling techniques are employed, and they also are useful
for measuring v;getatior, moisture content.

5.5 Parallel-Plate Capaci,:or Technique

The parallel-plate capacitor has been used with vegeta-
tion as a dielectric to estimate the electrical properties of vege-
tation, 1 7 but various physical difficulties (it is hard to place
the capacitor in proximity of livir.ng vegetation) and electrical

-/ difficulties (e.g., radiation from the capacitor) made this method
inferior to the OWL technique for in situ measurements.

5.6 Cavity Technique

This method consists of placing cut vegetation into a
cavity and observing the change in electrical characteristics (e.g.,
Q and resonant frequency) to estimate the electrical properties of
the vegetation. This approach was considered by Parker and Hagn1 7

and rejected for 4 measurements at HF and VHF, but it has been
uaed successfully by McLeod and March 3 2 at 200 MHz for moisture
content measurements.
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5.7 Coaxial Transmission Line Technique

Broadhurst 33 has successfully used a coaxial transmission

line to measure the intrinsic electrical properties of individual

leaves and blossoms. This method does not appear promising for

measurements of macroscopic slab parameters, but it is the only
successful method used to date on fragile leaves and blossoms.

5.8 Reflection Coefficient Method

A standing wave pattern has been observed at distinct
forest-clearing interfaces at VHF by Shrauger and Kreinberg 34 and
at HF by Shrauger. 3 5 The peak and null locations relative to the
interface and the null depths contain information about the forest

electrical parameters. A fairly complex model might be required to

use this method since the patterns become better defined as the

frequency is decrez'sed, and simple-models become less applicable as

the forest height in wavelengths decreases.

5.9 Remote Sensing Methods

&-e techniques described abo~e involve either in situ or

laboratory measurements. It is not always possible to have direct
access to the vegetatioL, of interest. It would be desirable to be
able to use remote sersing techniques to estimate slab model input
parameters (f,. and effective forest height). Work to date on remote
sensing of vegetation (e.g., Refs. 36 and 37) has concentrated on
crop identification, and multi-frequency/multi-polarization radar
techniques have proven promising -- especially when supplemented
by other remote sensing techniques (e.g., radiometry, multi-spectral
photography, IR, etc.). Thus, it might be possible to identify
the type of vegetation and its height using such techniques, and
possibly information on vegetation moisture content. These data
could be used to estimate C, if such values had already been deter-
mined by one of the other techniques for the type of vegetation snd
the radio frequency of interest. A more direct approach is theoreti-
cally possible, since the electrical properties of the vegetation
can influence the surface responses of both active (radar) and
passive (radiometer) microwave sensors,38,39 but the direct inference
of fores electrical properties using synthetic aperture imaging
radars, etc., has yet to be explored.

6. Estimates of Forest Macroscopic Electrical Properties

6.1 Effective Attenuation Constants

The two types of effective attenuation constants have been
defined for uce in studying propagation in forests: the attenuation
through the forest considered as a slab,ais, and the lateral wave
attenuation constant,.L.

6.1.1 Forest "Through the Slab" Attenuation ConstantO(s

Let us first consider the "through the slab" effec-
tive plane wave attenuation constant. La Grone 4 0 obtained data in
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the band 0.1 to 1.2 GHz from numerous sources and calculated a least
squares fit to get the frequecy dependence:

Ks = 1.3xlO-3 (f )0_77, in dB/m.

It should be noted that the data he used exhibited considerable
scatter around the fit. Hagn, et al, 41 obtained estimates ofAs at
VHF in an eucalyptus forest using the SRI airborne Xeledop. 4 2 The
values obtain:ed with vertical polarization were larger than the
values obtained with horizontal polarization, and the difference
between polarizations was greater at 50 MHz than at 100 Mz. Also,
an increase in attenuation constant wJth frequency was observed for
cross polarization that was not inconsistent with La Grone's (fMHz)0- 7 7

however, the values were approximately 2.5 times larger. Ou~he and
* Cartledge, 3 0 using a more sophisticated propagation model to infer
t O(s, obtained values in the range 0.1 to 0.3 dB/m at 400 MHz and 0.6

dB/m at 1300 Mz. The higher value at 400 MHz was obtained in more
dense vegetation.

6.1.2 Forest Lateral Wave Attenuation Constant, •( 22I The lateral wave attenuation constanteL is, for
the same forest, much larger than O(s. But more significantly, it
is a different paraMeter' It is possible to calculate V<L from OWL
data: AL = Im {6r -1) - j 60-,k3fin dB/m. It is also possible
to inferp(L from measured height-gain data near the air-vegetation
interface. Self-consistent results were achieved for OWL data and
height-gain measurements taken at Chumphon, Thailand. 4 3 An approx-
imate expression for V<L was deduced from OWL data: 1 9

AL = 9xj0-3 fMHz + 0.1, in dB/m ( 6Af MHzf75).

6.2 Open-Wire Transmission Line Results

Data obtained with the open wire transmission line indicates
that Er of a volume containing living vegetation is typically in the
range 1.01 to 1.1,19 with most samples nearer the lower end of the
range. Dispersion is small for 64 fMHz 4 25 and slight for
25*fMHz-- 75. The measured results for effective conductivity show
a considerably greater variation with frequency (see Fig. 1).

6.3 Electrical Parameters Inferred by Fitting Propagation
Models

The radio propagation data obtained in Thailand by Jansky
and Bailey4 4 ,45 have been used by Sachs 4 and Hicks, et al, 45 along
vith propagation models, to infer electrical forest parameters. In
each case ground (g) electrical parameters Erg - 15 and 10g - 1G mho/m
were assumed. An attempt was made to obtai..the best fit assuming
the forest height and forest and ground electri-al parameters were
frequency independert. The results of these eltctrical comparisons
for two sites in Thailand are summarized in Table 1 and compared with
open wire line data taken at the same site. Muehe and Cartledge 30
have infe,:red As (see 6.i.1) and OEr values from antenna pattern
measurements in U.3. forests. At about 400 MHz they inferred
1.01.1 Cf 1.02, with the higher value in more dense vegetation.
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At about 1300 MHz the antenna pattern lobing was nc: distinct enough
to permit an estimate of Cr •

TABLE 1. COMPARISON OF THAILAND FOREST ELECTRICAL PROPERTIES

SITE PAK CHONG, THAILAND SATUN, THAILAND

Source Sachs Hicks OWL Hicks OWL

Freq. (MHz) 6-100 2-400 6-75 2-400 6-75

Forest Eff. Ht. (ft) 40 60 -- 10b -

Er 1.02 1.01 1.02 1.01 1.01

CGH (mmho/m) 0.1 0.04 -- 0.03 -

cYv (mmho/m) 0.15 0.05 - 0.04 --

(C-OWL (mmho/m)* -- - 0.02-0.13 - 0.01-0.10

• Conductivity increases with frequency (see Fig. 1).

7. Relationship Between Electrical and Physical Properties of
Vegetation

7.1 Biomass, Biodensity and Effective Forest Height

It is important to be able to relate the types of physical
measurements made by foresters and botanists 47-50 to the electrical
and physical properties of forests required for antenna and propaga-
tion calculations. Currently such relationships are not well worked
out. The foresters measure tree-height distributions as well as

, the diameter of trees at breast height (4 ft). They relate the
breast height diameter (BHD) to tree height and weight for a given
species. They also compute the biomass of a forest area in tons per
acre. The term biodensity was coined during the SRI work on this
problem where biodensity is the weight per unit volume of the forest-
a property that can vary with forest height. It is known that the
electrical properties of materials are related to their density.
Parker and Hagn 1 7 found thatf is a linear function of biodensity
for freshly cut willows. It is possible to estimate an average
effective biodensity for a forest considered as a slab by dividing
the biomass by the effective forest height used in the slab model
to fit measured basic transmission loss data. The Thailand sites
of Pak Chong and Satun had biomass in tons per acre of approximately
130 and 202 respectively, The average effective biodensity computed
using the effective for.est 'height of Hicks 45 is the same for each
site to within 10%. Tne basic transmission loss measured by Jansky
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and Bailey was greater at Satun than at Pak Chong. However, the
electrical properties at each site inferred by Hicks by fitting
the slab model were very similar (see Table 1). Also, those mea-
sured with the OWL were quite similar for the two sites (see Fig. 1).
Also, the results of Muehe and Cartledge 30 using an antenna pattern
technique and of Reeve and Adams 31 using the wave-impedance method
indicate the electrical properties of forests are a function of the
density of t0e vegetation. It is possible that the combination of
average effective biodensity (as might be estimated from OWL mea-
surements and previously established relationships between bioden-
sity and E'r and T) and effective tree heighZ (as may be determined
by picking a point on the measured tree height distribution) are the

* properties required to infer the parameters required for the simplest
propagation and antenna slab models. Some work is still required to
be able to estimate the effective forest height from a tree-height
distribution, however, the 80th percentile seems a reasonable esti-
mator when no other guidance is available.

7.2 Remote Sensors

It might be possible to determine empirical relation-
ships between the physical properties of forests, as determined by
the types of remote sensors discussed in Ref. 36, and the forest
electrical properties required for use in antenna and propagation
modeling. For example, microwave radiometer brightness temperatures
might give data on vegetation moisture which, in turn, might be
empirically related to Er r.17, 3 8  Such relationships, if they
exist, remain to be worked out.

8. Conclusions

8.1 Methods of Measurement

Fitting propagation data or antenna pattern measure-
nmet data to slab models appears useful for estimating Er in the
frequency range up to about 500 MHz. While the electrical proper-

z ties obtained in this manner are not uniquely defined, they are
directly useful in the same model used to derive them. Also,
anisotropy c&n be inferred in this manner for (r. c's values can
be obtained for much higher frequencies (e.g., SHF). The OWL
probes when used with appropriate sampling techniques, do give
unique values for the macroscopic electrical properties of vegeta-
tion. They are also useful for checking for homogeneity in a
forest area both with height and with radial distance, but they
are not useful for resolving anisotropy. The useful upper frequc-ncy
limit for the OWLs used to date (in situ in forests) is 75 MHz.
This could be extended to perhaps 150 MHz by careful refinement
of the current techniques. The wave impedance technique should be
useful for estimating f. in the upper LF to lower HF range. The
capacitor and cavity techniques hold some promise for use with
freshly cut vegetation but they are not particularly useful for
in situ measurements. The cavity technique is potentially useful
for measuring the moisture content of freshly cut vegetation, and
microwave attenuation though living vegetation is also quite sensi--
tive to moisture content.
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8.2 Macroscopic Electrizal 7roperties

Field measurements ar.e required to determine Er. The
mostprobable values for C are in the range 1.01 to 1.1 except in
extremely localized dense spots where (r might approach 1.5. More
typical values of fr are relatively independent of frequency above
HF and are closer to 1.01 than to 1.1 as inferred from OWL data and
model firs on propagation data. fr is v y dependent on the den-
city and motsture content of the vegets. ,n. The macroscopic con-
ductivity observed with the OWL probes _ý a function of frequency,
increasing approximately as fG.7 in the HF and VHF bands. It is
possible through model parameter adjustment to find combinations of
frequency-independent values of theseparameters which provide reason-
able propagation model fits to measure data over a range of several
frequency decades (e.g., 2-200 MHz), and values for 6'of 0.03 to
0.15 mmho/m have obtained from HF and VHF data in Thailand forests.

8.3 Intrinsic Properties of Vegetation

The intrinsic conductivity of living vegetation is prob-
ably in the range 0.01 to 1.0 mho/m at HF and VHF and it probably
increases with increasing frequency. 1 9 The work of Broadhurst 3 3 on
the electrical properties of leaves indicates that Cr is a fuaction
of frequency, that it can be larger than 80, that it decreases with
increasing frequency for the same samples. The loss tangent of
these leaves decreases in the range 1 MHz to 1 GHz from about 10 to
0.1, but this decrease is not monotonic.

9. Recomendations

* Empirical relationships between forest physical and electrical
properties should be further developed, particularly as they relate
to the slab model. The relationship between biomass, biodensity and
effective forest height should be better defined by field measurements.
Methods for determining effective forest height from a tree-height
distribution need refinement, and variation of forest effective height
with frequency need to be explored. The utility of the method for
estimating Er based on the equivalent circuit of a single tree near
an OWLll should be checked.

e Methods of measurement of fr need to be extended and tested.
The OWL probes should be extended in frequency, and probe design and
sampling rules should be further optomized as a function of vegetation
type and density. The wave impedance method should be perfected, and
the results obtained should be compared with data from the same site(s)
obtained with OWL probes and from slab model fits to measured propaga-.
tion data. Additional techniques should be sought for measurement of
forest anisotropy. Reote sensing methods of estimating Cr should be
investigated.

e Additional data on forest electrical parameters should be
obtained, especially below 6 ME-, and above 100 MFz. The upper useful
frequency for the slab model needs to be better defined. OWL data as
a function of height in a forest should be obtained. Analytical modsls
should be run to better define the accuracy required for Er data.
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RADAR PROPAGATION MEASUREMENTS*

C. E. Muehr and L. Cartledge
M. I. T. Li'acoln Laboratory

Lexington, Massachusetts 02173

Dt.ring the period 1967 tc 1972 Lin.;oln Laboratery was actively en-
gaged in research and development of foliage penetration radars. The objec-
tives were to detect moving vehicles ana personnel at as long a range as pos-
sible, both from ground-based and airborne radars.

During thi.s period several experimental radars were developed in-
cluc:irg a helicopter-borne truck detector and ground-based radars with
various ranges. The most successful was the Camp Sentinel R2dar, a ground-
based, foliage penetration radar first deployed in SEA in 1968. Several were
later built by the Army's Harry Diamond Laboratory and saw service until
the end of the hostilities. The research and development work is well docu-
mented. A bibliography -s available.

In this paper we will discuss the results of seeral field measure-
rent programs whose aim was to obtain a better understanding of the physical
'jrinciples .,eeded to senisibly engineer a modern, foliage penetration radar.

Most of the results presented he-e are f!ýom a field program in the
SFlorida EvergLadee which last-d more than a year. Two radars, one at UHF

and on, a, u-band, were employed. Their charzcteristics are shown in
rabi.- I. In each radar linear, large-dn.;mic--ange camples of the quadra-
'ure video output were taken using sample-Lrid-hold circuits. These were
digitized and recorded on magnetic tape. The tapes were returned to the
Lab-)ratory and pro:,zssed using a large computer.

In an -ffort .o verify the popular lossy dielectric slab model for
propagation into a forest, the UHF radar was used to measure the peak
power received from a moving target in a uniform flat stand of pine trees.
The antenna was vvell bove the tree tops so the wavea were diffracted into
tl'e forest. The results are shown in Figurt, 1 where a th-.oretical curve has
been drawn assutning certain values for the index of refraction 7) and the

-4 loss 0. An independent measurement of loss vejue in the same trees agreed
well with the value used in Figure 1. Notice that the signal fell off as R-S.
The slab model predicts a one-way power loss prop-rtional to R 4 so good
agreement was obtained. There was considerable scatter in the data due to
local reflections, but the scatter in any region was directly proportional to
the mean level in that region.

* This work was sponsored by the Department o" the Air Forcc and the
Advanced Research Projezts Agency.
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TABLE I

RADAR SYSTEM PARAMETERS

UHF L-Band

TRANSMITTER

Peak Power (kW) 20 3

Pulse Width (nsec) 35 35

Nominal Prf (kHz) 30 30

II RECEIVER

Bandwidth (MH-z) 35 35

Noise Temperature (*K) 1000 1200

Number of Range Gates 10 10

Range Gate Width (m) 5.2 5.2

Range Gate Spacing (m) 15 15

III ANTENNA

Type- 2 X 8 array 1 X 16 atray

Pclarizatior, horizontal horizontal

Beamwidt;i (deg) 14 5

Available Gain (dB) 18 19

Ampliitde Tape? I i near "cosi ne"

IV RANGE PERFORMANCE (no foliage)

Target Sigma (m2 ) 0.5 0.5

Target Height (m) 1.78 1.78

Integration Gain (dB) 44 44

Typical Range for +14 dB 5.6 4.8

S/N (km)

r9<
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Further verification of the slab model at UHF was obtained by mak-
ing vertical field probe measurements. A receiving antenna was gradually
raised from ground level up to the tree tops. The variation in field strength
including the reinforcements and nulls due to ground reflections was observed
to be in fair agreement with the ie-sy slab model. At L-band similar verti-
cal field probe measurements agreed in average value with the slab model,
but the nulls were •anerally filled in by locai random reflections.

The radar return from the trees tclutter signal) was measured also
at UhF as a function of :asar range (Figv.re 2) again ucing a uniform stand
of pine trees. The mean clutter return zlearly falls off as R- 7 . Since the
total return from a range-azimuth cell is the sum of the signals from all
the trees in that cell, the total power should vary as it would for a single
scatterer, R- 8 , multiplied by the size of the range-azimuth resolution c'ýll.
The size of a cell increases linearly with range since its cross-range di-
mension is fixed by the azimuth bearr.width. Thus, the R- 7 law results.

The two graphs, Figures 1 and 2, are evidence that the mean target-
to-clutter ratio falls off only linearly with range so that the required sub-
clutter visibility is not a strong function of range. The radar target-to-noise
ratio however falls off as R- so considerably more radar sensitivity is
required compared to the same target without ,,,round or forest effects.

Of great interest to the radar designe, are the shapes of the spectra
of the target and clutter returns. !'he shape c. these spectra determine the
optimum type of signal processing to be used to extract the target signal from
the clutter.

Figure 3 is the spectrum of a man walking toward the UHF radar.
Notice the fine detail obtained. The subjecl ,walked through a 17-ft. deep range
gate 10 times at a carefully controlled velocity. The spectrum shown averages
these 10 runs. One can distinguish his step frequency and even his dissymmetry
from side to side as reflected in his two-step frequency return. These were
in excellent agreement with his measured velocity and step size. The leakage
line at -3. 5 Hz is instriumental and was due to an unbalance in the quadrature
video detectors emiployed.

The spectrum-n of the same man walking in the woods is shown in Fig-
ure 4. The step mocion is still discernible but the spectrum has been greatly
smeared due to multipath effects. Also to he observed is a relatively small
clutter return at z-rc frequency.

The spectrum of the signals returned L.rom tre.es blowing in the wind
is shown in Figure 5 for two frequencies. A theory has beer, worked out to ex-
plain these spectra.

A tree is regarded as a damped oscillator excited by the wind. The
tree has a natural resonant frequency of about 0. 3 Hz which accounts for the
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small peaks in both spectra at this frequency. Wind turbulence is known to
have an f, 5 / 3 power spectrum. When this driving force excites a resonator
away from resonance, a -4 -5/3 or -5.67 power law should apply for the
spectrum of the motion of the tree.

Now at UHF the tree movement is small compared to a wavelength
so that this motion is converted to a spectrum of phase modulation which
closely approximates its motion spectrum u-ntil it reaches the noise level
at -57 dB. The spectrum is that of a phase modulated oscillator with a low
index of mod-ilation.

At L-band the index of modulation is three times higher so the fur-
ther out sidebands are excited and the spectrtum falls off more slowly. A
complete theory for this phenomena has been worked out and agi ees very well
with measured results.

A further confirmation was obtained by directly measuring the spec-
trum of motion of a single tree blowing in the wind and obtaining results almost
identical to the UHF spectrum in Figure 5.

Almost all the elements necessary to predict the performance of
foliage penetration radars at UHF and L-band have been measured and agree
with physical models. The one big exception is the relation of refractive
index and loss in the forest to the forest parameters such as tree diameters
and densities. It is hoped that a good theory for this relationship will be
forthcoming in the near future.
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SUMMARY OF PATH LOSS MEASUREMENTS
AND oUNGLE CHARACTERISTICS

John J. Hicks
Atlantic Research Corporation

Alexandria, Virginia

1.0 INTRODUCTION

Little was Kaown about radio propagation in tropi(al forest environments
in the early 1960's. Practical communicatio:is experience in tropical environments
during WW II and the analysis by Herbstreit and Crichlow1 of associated experimental
data, however, showed that cor..nunications at HF and VHF were severely attenuated and
dependent upon the forest characteristics. The data were too sparse to be definitive.
Thus, the Advanced Research Projects Agency (ARPA) initiated project SEACORE (South-
east Asia Communications Research) to deal specifically with radio communication in
tropical environi-..ts. As a parn- of this project, under contract with ARPA and
technical direction of the U.S. Army Electronics Command (ECOM), Atlantic Research
Corporation conducted an extensive research program on radio wave propagation in
tropical environnents.

The major objective of the tropical propagation research program was to
quantitatively define the propagation and environmental factor- governing tactical
radio communications in such environments. The experimental test areas were two
characteristically different tropical forests of Thailand. The environmental meas-
urements encompassed terrain, vegetation, indigenous radio noise, and climatological
factors of temperature, rainfall, wind, and atmospheric refractive index. The radio
propagation measurements encompassed frequencies from 0.1 MHz to 10 GHz; propagation
pathj of ground-to-ground, air-to-ground And mixed vegetation-clearing; linear
aligned and nonaligned poularizations; ranges up to 30 miles; antenra heights from
ground to above foliage; and CW and wideband siinal transmissions. Analyses were
conducted to obtain the median path loss and proiabili..y functions related to the
spatial and trequercy fading of the signals as a function of environmental and system
parameters.

The experimental equipments, procedures, environmental and propagation data,
analyses, and theoretical worK. have been pzesented under the original contract in
seven Data Bulletins, twelve Semiannual Reports and four inal Report Volumes. Select
portions of the data have also been applied by other researchers in establishin-
theories. Their work3 And elements of the data and results have been discussed in a
recent summary of project SEACORE. 2 In keeping with the objectives, time and space
of the Workshop, this r6port is limited to a suniary of the scope and general results
of the program m-nducted by Atlantic Peseaich. Reference is made to the appropriate
reports for letails and areas *re suggested for further investigation.

2.0 ENVIRON"ENTAýl DESCRIPTION

2A major objective of the tropical propagation research program was to
derive a method or methods whereby propagation could be predicted for general trop-
ical fzrested environments. Propagation and cnvironmental measurments were conducted

* in two characteristically different tropical environments, called Area I and Area II.*

*Special propagation and environmental measurements were also conducted in a third
environment of bamboo growth, about 100 miles south of Bangkok, near Sattahip,
Thailand, for the purpose of studyina propagation at frequenci.es of 550 MHz to
10 GHz. 8 ' 9
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Arna I, which provided a propagation range of about 30 niles over relatively rough
terrain, can be broadly classified as a wet-dry semievergreen forest (monsoon
tropical climate) and was located some eighty-five miles north of Bangkok,
Thailand. 3'P'# 5 ' 6 ' 7' 8' 9 Area II, which provided a propagation range of about 6 miles
over relatively smooth terrain, can be broadly classifieQ as a tropical rain forest
area (rainy, tropical climate) and was located about 525 miles south of Bangkok,
i hailand. 10P11,12113.4. ,1,1G Table 1 summarizes a number of clz.'atologica?. factorr
for Areas I and II. 13,9 The rainfall is perhaps the mn-t distin :tiP:_ difference in
the climatological factors, vith it being significantly larger ii Area II than
Area I.

TABLE 1
C(I MATOLOGICAL COMPARISON BETWEEN AREA I AND AREA II

Annual Monthly Monthly Standard
Average Average Median Deviation

Temperature (*F) A0.7 80.7 81.3 3.5
Rainfall (in.) 52.6 4.4 2.7 3.8

Relative Humidity (%) 67.53 67.53 68.2 6.6
(Wet-D1y, Relative Refractive 1.502 1.502 1.521 0.045
xYropical) Index (K)

AREA II Temperature (*F) 84.2 84.2 84.7 1.4Rainfall (in.) 97.2 8.1 6.75 6.5

Relative Humidity (%) 74.04 74.04 76.0 6.9
,Rainy, Rel.tive Refractive 1.621 1.621 1.620 0.055

Tropical) Inde.. K)

The most significant natural environmental factors influencing tropical
propagation in the 0.1 M4z to 10 Ghz range of frequencies exdmined are apparently
the terrain and vegetation. This is not to imply'that such factors as rainfall,
atmospneric refractive itdex and others do not influence tropical propagation in
genera] but rather that the terrain and veyetation influences were apparently domi-
nant over the vegetated paths. The terrain profiles over the propagation paths of
Area I are given in reference (9) and of Area Il in references (11) and (12).

The trolical vegetatior, is composed of trees, broad-leafed plants, .vines
and other ur.iergrowth. The trees, however, appear to be the more significant vege-
tative influnce on radio propagation. A suminazy of the forpst characteristics of
Areas I and I is given in Tabl• 2. Vie height, diameter and density of the trees

a Area II are larco.r than those in Area I and, as mentioned later, these factors
jrossly correlate with propagation characteristics of the two environments. A
satisfacto._y method of predicting radio propagation from known characteristics of
the fores., however, has not been determined. In the author's opinion, this is
one of the more significant areas that requires further work.

TABLE 2
SUMMARY OF FORFEST CHARACTERISTICS OF AREA I AND AREA II

Forest-Characteristics Area I Area II 10,1t

Tree Density (trees/acre) 362 606

Tree Height (meters) 50C. < i0 m 50% < 18 r3
90% < 20 et 90% < 30 n

Tree Diameter at Breast He,.ght (meters) 50% - 0.1 m 50% < 0.24 m

Biomass (tons/acre) 130 309 (202)



3.0 FADIO WAVE PROPAGATION MEASUREMLnTS

The propagadion meas•xrr-nents were directed primarily toward obtaining the
basic transmissior- loss over Lropical vegetated paths as a finction of opi:rational
and environmental parameters. The great majority of propagation measurements were
made with CW transmissions. During the final phases oi the program, however, pulse
end swept frequency ueasurements were made to determine multipath characteristics
of the tropical vegetated channel. For convenience, the narrowband and wideband
measurements are discussed separately with further subdivision of the narr7wband
measurements as well.

3.1 NARROWBAND MEASUREM4ENTS

Narrowband (CW) radio propagation measurements wert, nade in Areas I and
II. Standard antennas and calibrated systems were employed. 8, The resultant
propagation data were reduced to "basic tilnsmissior loss" which gives the path loss
relative to isotropic antennas. The major frequencles employed in Area I were 0.105,
0.30, 0.08, 2, 6, 12, 25, 50, 100, 250, 400 and 550 MHz and 1, 2.5, 5.5 and 10 '(3z.
The same frequencies, except that 0.105, 0.3 and 6 MHz were eliminated, were uiilized
in Area IT.*

For frequencies below 2 MHz, only vertical polarization- were employed.
Both horizontal and vertical polarizations were employed at 2 MHz and above.

The most widely employed procedure for making propagation measurements
with ground based terminals was to fix the transmitting antenna at a prescribed
height and polarization and transmit at a fixed frequency. The receiving antenna
(wit) polarization generally aligned with that of the transmitting antenna)t was
raised in 5 to 6 foot in':rements, at a specified range, from near ground to above
the foliage. The receivcd -..-edian field stren•gth over each 5 to 6 foot increment of
receiver antenna height was recorded. This resulted in one set of propagation meas-
urements as a function of receiving antenna height for a specific frequency, polar-
ization, range and transmitting antenna height. The procedure was repeated for
different frequencies, transmitting antenna heights, polarization and at dif•frent
ranges until, generally, measurements were made for all cormbinations oiF -he selected
variables. in addition to the fixed range measurements, continuous recorlirgs of
received. field strength along the roads and trails were also made with the .eceiving
antenna leither vehicle mounted or hand carried) at a height of about 6 feet.

The resultant basic transmission loss data were subjected to variouE Sana..yses. These cannot be discussed in detail here but some general results will be
sur~marized. it will be convenient to further separate these into broad frequer.,y

f ranges.

3.1.1 Propaation at Frequencies of 0.1 MHz to 1 MHz

a) At prcpagation ranges beyond the induction field of the antenna, the
tropical \eget tion apparently hap no discernible effect upon the basic transmission
loss for vertically polarized energy received with a small loop antenna (horizontal
polarization was not examineO' in this "requeacy range.)9 Electrically short antennas
may, however, be influenced by trees in close proximity to the antenna.

S,-me limited rveciý%l aoeasurements at other fx.;quencies within the range of the
general frequencies were employed in both areas. 9, 17

I Some spec..al tes s were also cor ducted at various combinations of linear
p~larizat:iýns. 9 13
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b) The median basic transmission loss appears to behave as the surface
wave over terrain without vegetation.

9

c) The variations of basi c transmission loss (in dB) with range appear to
be normally distributed (i.e., field strength is log-normally distribatod),

d) The median basic transmission loss showed no significant di.fferences
between the wet and dry seasons (i.e., climatic effects appear to be x.agligible). 9

e) The atmospheric noise levels dppear to be the same with antennas sub-
merged in thrv vegetation as for antennas elevated above the vegetation. 9

3.1.2 Propagation at Frequencies of 2 MHz to 400 MHz

a) Tl e median basic tiansmission loss increases exponentially with dis- -
tance in the foliage from near the antenna to ranges of about 1000 feet. At ranges
greater than approximately 1000 feet, the median basic transmission los$ increases
with distance as 40 log10 (distance), the loss decreases with increasing antenna
height (or decreasing thickness of vegetation above the antenna) in the vegetation,
and increases with increasing frequency.9 A number of empirical models have been
developed to account for this general behavior to include the variations in the
propagation caused by gross terrain features. 9Y2 The effect of the vegetation was
included as an empirical factor, however, and was not well understood until the work
by Sachs and Wyatt, i Sachs19 Tamir, 2 0 Wait,2 1 and Deace and Tamir 2 2 showed the
median basic transmission loss to be described by the lateral wave mode of propaga-
tion. The model for this mode of propagation in vegetated environments treats the
vegetation as a uniform, homogeneouL, dissipative slab bounded above by air and
below by ground. The lateral wave mode is discussed by Tamir23 and Sachs in L.,.
Workshop proceedings. The model parameters specifically related to the environment
are the slab thickness (related to vegetation height) and the effective permittivity
and conductivity of the slab (vegetation) and ground. Estimates of these model
parameters can be obtained by fitting theoretical results to propagation data. The
conductivity appears to be the most critical and the sets of parameters are not
unique. 17 Estimates of nyodel parameters for Area I obtained by Sachs and Wyatt 1 8

differ from those obtained by Hicks et al. 17 The differences may be attributed to
the upper limit of frequency employed (Sachs and Wyatt used 100 MHz and Hicks et al.
used 400 MHz) and to, the general nonuniqueness of a set of slab parameters.

Differences were also obtained in the slab parameters for Areas I and II.
The effective slab height and conductivity were larger for Area II than for Area I,
as would intuitively be expected due to the taller and more dense vegetation of
Area II. * The model parameters were derived from comparison of theoretical results
with experimental propagation data, and to the author's knowledge there is no method

-i for quantitaLively relating the slab parameters to environmental factors. A nonhomo-
geneous dissipative slab model has been suggested and theoretically investigated
as an aid in obtaining such a relation, 17 but it has not heen compared with
experimental data.

A comparison vetween the measured median basic transmission loss as a
function of frequency and antenna height for Areas I and II is given in Figures 1
and 2 for vertical and horizontal polarization, respectively. The data shown were
normalized to one milt- bj the distance dependence of 40 log (distance) and represent

rerages over wet a-A Ory seasons and many roads and trails. An extensive tabula-
tion of such data for Areas I and II is available. is

b) The median basic transmission loss is generally larger for vertical
polarization than horizontal polarization, with the difference decreasing as the
antenna height in foliage increases and as frequency increases. Figures 3 and 4
show the difference in b'si c transmission loss for horizontal and vertical polariza-
tion as a function of frequency and antenna heights for Areas I and 1I, respectively. 15
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c) There is no significant statistical difference between the basic
transmission loss during wet and dry seasons. 9

d) The atmospheric ioise levels, for the frequencies below 50 MHz (the
noise was not measured for frequencies greater than 50 MHz), appear to be the same
for antennas subrerged in the vegetation as for antennas elevated above the
vegetation. 

9

e) The variations in basic transmission loss with distance generally
have a long and short spatial fading character. The long spatial variations appear
to be log normally distributed. B, 6 The short spatial fading, which is evident at
frequencies greater than 25 MHz, is (at least for frequencies of 50, 100 and 150
MHz) generally Rayleigh distributed for vertical polarization and Rician distributed
for horiznntal polarization. 

1 6

f) The short spatial fading wid) distance has a quasi-cyclic character
with an average period of 0.74 wavelengths. 9(

1 6

g) The average peak-to-minima ratio for the short spatial fading increases
with frequency and is larger for vertical than for horizontal polarization. The
individual peak-to-minima ratics may exceed 20 dB. 9

3.1.3 Propagation at Frequencies of 0.550 MHz to 10 GHz

Propagation measurements at frequencies fron 0.550 MHz to 10 Giz we te made
in Areas I and II. The primary purposes were to determine the attenuation ra-ze
through the vegetation, examine the corcept of an optimum elevation angle for trans-
mitting or receiving the lateral wave, to examine diffraction over a vegetated
obstacle and to determine the influence of the vegetation on the antenna pattern.
Other factors such as diurnal fading, time variability, and polarization effects
were also examined.

a) The diffractio.n tests were performed in Area I and the results in~dicate
good agreement, for the particular path obstacle, with theoretical results of a
perfect knife edge with the tor of the foliage constituting the obstacle edge as
opposed to the terrain.9 ' 1 0

b) The attenuation rate generally increases as frequency increases. The
attenuation rate is shown in Figure 5 for Area I and a bamboc growth. 9
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rig. 5 Average attenuation rate as a function of frequency for

SArea I and :. b~mboo grot. Averages taken over both-
S~polarizations and antenna heights of 9 and 21 feet.
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c) The attenuation rate generally increases with decreasing antenna height. 3

d) The time variability of the basic transmission loss is correlated with
the wind velocity.

9

e) The optimum elevation angle for transmitting and receiving antennas
appears to depend upon the physical location of tree tops in the vicinity of the
antennas.9

f) Diurnal changes in the median basic trancnission loss were apparently
insignificant. 9

3.2 WIDEBAND MEASUREMENTS

Pulse and swept frequency propagation measurements were made in Area II to
determine the frequency selective character of a tropical forested environment. The
measurements were generally made at 50, 100 and 150 Mhz, using both horizontal and
vertical polarizations, with transmitting antenna heights to 120 feet and receiving
antenna heights from 6 to 40 feet.

The pu:.ae measurements were largely qualitative but clearly showed that
pulses are distorted by the multipath forest channel. The severity of the pulse
distortions was maximum at positions of field strength minima (i.e., at the minima
of the standing waves). Wind-induced foliage motion causes signal variations which
are largest when the receiver antenna is located at a minima of the standing waves.
For the receiver l6cated in a clearing or on a hill, the pulse distortions are
smaller than those obtained with the receiver located in the foliage. 2 5

The swept frequency reasurementL were made to obtain more quantitative
information than afforded by the pulse measurements. The frequency was swept over
(usually) a 4 MHz band about tne center frequencies of 50, 100 and 150 MHz (and a
limited number at 400 MHz) and the amp1 itude and relative phase of the received
signal were recorded as a function of the swept frequency. The procedure was
repeated with the receiver positioned at different incremental ranges (usually 0.1
wavelength) and in different types of foliage.

The resultant data were analyzed to determine the frequency and spatial
correlation functions. Figure 6 is an example of the frequency correlntion functions
of the envelope data. Using the customary l/e point as the coherent bandwidth, it
was found that the coherent bandwidth of the forest channel, averaged over frequency,
locations in the forest, polarization and different antenna heights, is 0.39 MHz. 17

This implies that & bandwidth about an order of magnitude smaller than this number
may be transmitted with little or no frequency selectivity. The coherent bandwidth
is also the order of magnitude of the frequency separation required for effective
frequency diversity in the environment.

Examples of the spatial correlation functions are sho'm in Figure 7. Note
the similarity of the radial and transverse correlation functicns with vertical
polarization and their dissimilarity with horizontal polarizations, which can be
attributed to the receive dipole antenna patterns. 1 7

The multipath intensity profile, which is the Fourier transform of the
complex frequency correlation function of the channel transfer function, was computed
from the swept frequenc-I data for several field points and parameter configurations.
The multipath intensity profile gives the distribution of the relative intensity of
the multipaths as a function of their delays relative to a steady component in the
present case. Figure 8 is an illustration of the multipath intensity profile. The
intensity profiles -.h(wed that the multipaths of greatest intensity have an average
delay T = 0.25 Usec.
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Statistical Modeling of Jungle Path Loss Data*

D. Dence

U.S. Army Electronics Command

ABSTRACT

From 1962 to 1972 under Projeet 3FACORE., the Advanced Research Projects
Agency and the U.S. Army Electronic- Gomnand, have suppo-ted investigations
and measurements in Southeast Asia and the United States to improve communi-
cations-electronics system performance in heavily forested environments.
The present paper deals 4ith one aspect of these investigations, namely,
statistical characterization of path loss data. Experiments to collect
path loss information were performed in Thailand and covered the frequency
range 100 kHz to 10 GHz encompassing different locations, polarizations,
seasonal rainfall variations to include a wide range of antenna heights
(transmitting and receiving).

In our paper, we restrict the analysis to aaswer specific questions
utilizing selected path loss data in the 2-400 M)z range wher6 it is shown
the propagation data exhibits strong randon, fluctuations and deterministic
equations do not properly describe the statistical character. In addition,
we relied solely on statistical modelng to account for these fluctuations
and non-parametric statistical techniques were employed to analyze the data
for specific config&irations of transmitter and receiver height, distance,
frequency and polarization. Techniques to predlt path loss by examining
the Jungle as a random medium utilizing ý%xrefl's curl eauations are mentioned.

Extensions to the present analysis are discussed and are related to
determining transmission reliability aspects of concept formulation,
feasibility determination and engineering design of connunicati.ons-elec-
tronics-equipment and systems.

Introduction

In recent years extensive investigations and measurementz have been made
in Southeast Asia and the United 3tates to determine the co=.Lnication con-
ditions that exist in forest environments. Studies were initiated in 1962,
sponsored by the Advanced Research Projects Agency and performed under the
direction of the U.S. Army Electronics Command as part of the Southeast Asia
Comnnnications Research (SFACORE) Program. The overall aim was to help over-
come severe radio cemmanicatior:s problems occurring in Southeast Asia. The
present paper deals with one aspect of these investigations, namely, the
measurement and analysis of path loss data. This path loss information was

* Only selected portions ;f the presentation are contained in this paper.
A complete development of the presentation material is contained in the
references.
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obtained by Jansky ard B.iley (1,2) (A division of Atlantic Research
Corporation), one of the prime co:'tractors engaged in the 3SACORE Program,
,nd involved making extensive measurements at various locations in Thailand.
The path loss measurements covered the frequency range froom 100 kHz to
I G1z encompassing a wide range o' antenna heights, locationý -nd seasonal
rainfall variations.

The 2im of our pre3ontation ii twofLold: First, we 5:hall be concerned
'With spot check stalistical analysis of the information in the frequency
range 2-,00 iEz the recults of ^hich are then compared with previous
results. Secondly, we !shall set forth recomiendations for fuither
defining the 5Latistical character of propagation loss data consistent with
the original objectives of the PZ•CORE Project.

A realistic presentation of the analysis of the propagation loss data
fro::. P -tatistical point of view will 1.-e given in 3ection 2. In addition,
we compare our spot check statistical analysis of the path loss information
with prezvious results.

In 3ection 3, we shall present a su-imary of our preliminary findings,

including recon-rtendations for further analysis.

2. Stochastic Characterization of Path Loss Data

One of the major and most important points in the analysis of the SEACORE
data is the manner in which one attempts to normalize the propagation loss
to a common distance. The information collected by J&B was logarithmically
transformed prior to their normalizing the data to a comm.on distance. This
transformed data was obtained by ECOM and analyzed with some of the results
set forth in this paper. It should be recognized, however, that a fundamental
question which must be considered is the extent to which this transformation
altered the statistics of the data. Time did not permit this question to be
fully considered but is presently being examined in some detail.

In our prelininary analysis, for specific configurations of frequency,
transmatter antenna height, receiver antenna height, polarization, distance,
and wet and dry classifications, i.e. (f, T, R, P, d, c), we obtained an
estimate of the path loss distance dependency, (, , in such a way that the
"variance associated with the estimate will be minimum (i.e. maximum likelihood
estimate) (3). We made spot checks of the o(, 's corresponding to a particular
set of experiments (i.e. radial A) to determine the best estimate for thu
following frequencies: 2, 6, 12, 25.5, 50, 100, 250*, and 4O* AHz and for
various combinations of tra.nsmitter and receiver antenna heights at distances
of .2-2.0 miles. The data were classified as wet or dry by two uriteria:

(i) rainfall greater or less than 3 inches per month.
(ii) rainfall greater or less than 6 inches per month.

* The samples containing the measurements for 250 MHz and 0oU MHz may be
somewhat biased, (1).

I-F-2

72<



H 14 n Hc 0 ~ -f r oI

0

I-.-4

r~Cr2

~~-0'4 0C .H 0\Ci C%04 H \0

I -0

-~4-I

0

E-4~

P4c. ;III I i e

.1 03
t/5 4)

/C
4)4-

-I3

0C N l % 0Cj 0% 0 Ci 0V

I ~ g a)H
1, 0 .0

0 0)0U

0 0 )

F33
73<



.1. * 0 . 0

1-4 0)
0)

C.,d

fl Iý 004c l NLl 0V N0V 0 0V ~
mz z4\ ,-j r 40\c i ~ - fC

C\, -,l Cý Ii - -

o CI

ts..C .9

.g 02

.rý 0
C%0 14~

i-F-0



z0+

1-4z

-I~4  I C'

0-44

Au A- g!.cr CJ~.to

'-4)

C.



The calculated best estimates, Oý, , for the selected configurations are
given in Tables Ia, and Ib.

We have found that for specific configurations of the parameters involved,
there is a fluctuation f~om 13 to 52.5 1B. It is clear from Tables Ia aid
Ib that the estimates, c(, , behave as a random variable. These preliminary
findings indicate that the media should defi-itely not be consiiered as a
deterministic phenomena and that deterministic presentation of the data
would give misleading r-esults with respect to further 'haracterization of
the propagation loss as a function of the various independert parameters.
;'ihen one utilizes a deterministic formula one can not help but force the
data to accept t~w theoretical behavior of a dpterministic phenomena. That
is, the resulting conclusions are forced to be consistent. to those which
the determindstic theory dictates.

Results shown in Table II reveal a mean o(a, of 35.7 cB for the dry
classification with a standard error of 6 dB, and for the wet classification
a sample mean of 34,8 dB with a standard error of 9.0 dB. These values of
standard error indicate that the respective averages for dry and wet classi-
fic?.tions are not adequate. Furthermore, if we combine the wet and dry data,
(the feasibility of combining the data is discussed in (3)) we obtain a sample
mean a, , of 35.3 dB, and a standard deviation of appromimately 7.6 dB.
This simply indicates that if we are allowed to combine the wet and dry
propagation losses, that is, if there is no significant difference between
the two data sets, we should be utilizing approximately 35 dB (as a rough
estimate of oa( ) to normalize the data with respect to distance. Since
previous investigations employing a deterministic formulation (h,5,6,7) have

shown that the distance detindency of the path Toss varies -.s 40 log d in
the frequency range 2-200 ... iz, the data was separated into two sets and
examined; namely, 2-100 Mz and 250-400 MHz. Table II showscks=37.9 dB with
a staidard error - 4.6 dB for the 2-10C Miz range and - 27.2 dB with a
standard error - 9.2 dB for the 250-400 MHz range. This indicates that the
aeterministic 40 log d more closely fits the 2-100 MHz range. In view of
the above remarks one should consider the following equaticn for normalizing
the propagation losses referenced to a common distance:

Zi = Xi - log(di) i = 1, 2, ... n

whei-e Zi is the normalized path loss date and Xi is the measlired path loss
data.

-I

Other statistical quantities have been calculated (i.e. confidence bounds,
null hypothesis testing of wet vs dry, expected value of the wave via Maxwell's
curl equations, etc.) and are reported elsewhere (3, 8).

3. Summary and Recommendations.

We have obtained enough infors.ation from the statistical analysis -f the
SEACORE data reported here and elsewhere (3) to make the follcieng cozsilusions:
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(1) It is evident that the data should be given a more sophisticated
statistical analysis for firm decisions on the various questions raised with
respect to behavior of the propagation loss as a fP.nction of the various
indep.endent variables (i.e., antenna heights, polarization, frequency,
GiLtance).

(2) We have obtained enough evidence to show a ceterministic approach
used to normalize tne data to a common distance is not a-'ceptable to relate
the propagation loss to a common distance.

(3) A statistical approach to estimating an 0( so as to mirimi.ze the
variarce of th- istimate. using the 'Igarithmic data, hzq. been presented
and evaluated for specific parameter ,'figurations of the SEACORE )ata.
It is clear that in normalizing the pa•a loss data, using this technickae,
significantly different results are obtained which effect the stitistical
decisions one needs to make with respect to the behavior of propagation
luss in a jungle environment.

(h) To adequately answe- the original objectives of the SEACORE Progr..'m
the importance of the path loss data presented in the reports by J&B cannot.
be overlooked. Car prcliminari investiga'.ions employing statist'cal techniques
have answered a numbaz of 'u :sticjns and indicate the importan-e of a thorough
statistical anal.-\is of the .prcpaEstion loss data. It c'ho-ld also oe -.ent'.nnx'd
that there -3 very lit+l, wark, if any., whieh ha bc•-. )oae in the su.Aojkc;C
area froi. a sophisticated satizti,,al &~.lys[s approach. 6e f-eel that bu-ch
an approach is much more realistic to the pr.ol~a at hand than ceterrninistic
investigations, and the ,relimiinary findings certainly justify this point of
view.

(5) Based on our findings, the following guidance should be considered
with respect to the coiiplete statistical modeling of he SEACORE path loss
data-

(a) In the statistical analysis of the sEA"ORE data a very basic question
.ust be answered. That is, should one perform the statistical analysis on
the data in dB, (i.e. having it logarithmically Transformed) or should the
anti-log data be used?

(b) A thorough classification of the data. with respect to wyet-dry con-
ditions should be made. The problem of propagation loss should be investi-

-/ gated under three classification categories:

(i) daily basis (if present data permits),
(ii) monthly basis,

(il,) seasonal basis.

Furthermore, the effect of path differences should be '-eterm.ned if possible.

c. Havi g chosen the proper nethod for normalizing propagation loss to
a common distance we need to develop a super alpha, i.e., C(' , for specific
sets of parameter con•figurations, that will provide a realistic technique
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which can be used to predict path loss as a function of distance. Since there
is a significant difference a;..ng the OC Is measured for each parameter
conf guration, one should not treat the estimdte of the oý. 's as a deter-
ministic parameter but rather as a random variable. To this effect we
need to forimulate statistical techniques through the empirical Bayes
approcch, i.e., to group these *( 's into a common one. For a certain
group of frequencies, transti tter and receiver -ntenna height, and polar-
ization, we shtid have a ex-atiý_Ac~kl estimate of an 1 6which is made up
of a group of c4 's which can be oasi'y -ppiied to a physizal situation for
communication design purposes.

(d) Having pith loss as 'he main variable, wTe need to classify the
cmatributing variables, that is, independent variables such as transmitter
antemna height, receiver antenna height, distance, polarization and
frequency, according to their importance as contributing factors. T"'s
investigation can be done through multiple correlation analysis. is
importance lies in the fact that if a certain independenL varl ole, such
as changing the antenna height, does not contribute signif-.antly to a
change in propagation loss, then we should not consider _t as one of the
important variables in the statistical modeling. Ir uther words, we should
be concent.rating on the iaxopeandent variables wb-1.n contribu.te most to the
dependent variables. * uch a clasifl cation of the idep---- random vari-
ables w.Ul be extremely helpful in acconL'a-.idrg rhe eucceeuing recommenda-
tions.

(e) Having classified the importance of the random variables as con-
tributing factors to the pr:.pagation loss, it is reccmmended that a non-
linear regression model be developed. Once a non-linear regression model
has been formulated, with path loss as the main objective, which is a func-
tion of tr'ansmitter antenni height, receiver antenna height, distance, polar-
ization, and frequency, oni can specify an acceptlable propagation loss and
obtain the proper combinat.ons of the independent variables requiLn ' to
attain this loss. An impor-tant factor in this recommendation is that if you
are not willing to accept tore than, say, 150 dB for path loss at a specific
frequency and distance, what combination of antenna heights will not violate
the proposed specification. One can proceed in formulating such a non-
linear regression model thrmugh an elimination procedure, that is, consider
a model which will con-sist, first, of the dependent variable being, a function
of the antenma heights. Thvs, with a specific frequency and distance, the
possible combinations of ant.enna height will be determined so that we can
maintain a specified propag.•tion loss. Secondly. with this approach one can
increase the size of the moiel by having the dependent variable as a function
of the antenna heights and -Ustance,

(f) In our preliminary investigation of the SEWCORE data, our statistical
analysis was rest:Lcted priaarily to distances between .2-2.0 miles. It is
also recommended that the a )ove recommendations be considered for longer
distances, that is, 2.0 - '5.0 miles.
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(g) For selected sets of the control variables, taking into consider-
ation the above decisions, confidence intervals should be obtained for the
mean path loss (true state of nature) on the basis of the experimental
evidence.

In summary, the preliminary findings of our statistical analysis are
quite evident, and as a result, the above recommendations constitute some
of the essential elements for the final aspects of the SZACORE PrLoject.
The value of this data. ;hich has be-.n collected at a great cost to the
U.S. Government, shoulu be fully utilized to attain the answers to the
questions posed above. The results of sophisticated analysis will make
significant contributions in aiding curmunications engineers to determine
transmission reliability and, ultimately, better corumnications.
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PANAMA CANAL ZONE JUNGLE PREDICTIONS
AND MEASUREMENTS AT 49.4 AND 160.1 MHz

In order t) determine the extent to wh-ich path loss predictions
based on computerized models can be relied upon for coinimunicatien
planning in jungle terrain, path loss measurements were made at
49. 4 and 160. 1 MHz using man-pack receivers in the Panama Canal
Zone in October 1969. A teansmitting site on a hill surrounded by
jungle terrain was selected. For thrt site area predictions were
generated frr- two computer models devw•o;ed separately by the
Electromag.. Compatibility Analysis Ce-iter (ECAC) aisd the
General Research Corporation (GRC). Since only the C-RC model
included the effects of trees, direct comparison of models was not
possible. There were significant difference3 (30 db) between the GRC
predicted resualts and measured values of path loss at 49 -Htz. Since
the GRC model had been shown to be accurate when calculations were
compared with values measured by Jansky and Bailey (J&B) in
Thailand, eeasons for the differences were investigated and corrections
made to the model to obtain a reasonable match beween the calculated
and the meaaurcd valaes. Tive conclusions were reached by the author
that additional compArison of measured and calculated results should
be made befcre the model can be consi-iered totally devcloped.

Mea.xrerr.ent Technique

The AN!PRC-25 ,€as used for the 49.4 MHz me&-sure-nents, -tnd
tnt Mct-orcla PT-400 for the 160. 1 MHz meaiurerrsenas. Both have a
"tone-operated s.juelcn, characterized by a stable threshold. The
"received signal strengti w.as mearue'l. zelative to this threshold by
inserting a cal:brated variablh attenuator between the antenna and
the receivcr to reduce "he received signal to the t.i~reshc.ld value.
Patl' lees nr tc% 17Z db coult:. be measured with this techaique.

Measureanent Lo#ýition

Th6 test arez was located at the U. S. Army "ra~ical Tes: Center,
Fort Clayton, P. C. Z. The. transmitters were located •t a base camp
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at abandoned hilltop radar site. Measurements at 49. 4 MHz,
vertical polarization were made at 68 points (at 160.1 MHz, only
23 points) at ranges from 9 to 42 km.

Analysis of Data

Two criteria were used to evaluate the data:

(1) The statistical characteristics of the difference, D,
betwecn measur-~d (x) and predicted (y) results, and,

(2) The statistical chiracteristics of the linear regression,
y = bo + b 1, obtained by plotting the predicted (y) vs. the measured
(x) results.

Z (X-Y) BEST ESTIMATE OF
MEAN DIFFERENCE

n

1 2 2 )
(b) a _______________ BEST ESTIMATE OF (T

(n) (n-1)

S
(c) = D i t 975 (n- 95% CONFIDENCE

U LIMITS

Sd) SU S 95% CONFIDENCE
L LIMITS

1 -G-2
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2. (a) y = b0  + b, X LINEAR EQUATION

(b) bo - b.X Y INT'ERCEPT
0 

(- 
Y

(c) bi = .(X-X) (Y-Y) SLOPE

2

(d) r (X-) (Y-Y) CORRELATION
-r-= 2 COEFFICIENT

2
2S ESTIMATED STANDARD

(e) sb DEVIATION OF SLOPE
3. s

X..

Criteria for goodness of fit are

(1) minimum D

(2) minimum s

(3) minimum bo

(4) bi near unity

(5) maximum correlation coefficient

(6) minimum Sbl
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The upper and lower values of D, s and sbl permit coriparion
when n, the numnber of samples, are not equal.

Measurements were made at 68 points at 49. 9 M4Hz and these
were compared with levels taken from an area prediction overlay.
The results are tabulated in Table 1.

TA5LE 1 - 49.4 Mfiz INITIAL COMPARISON - AREA PREDICTION

U U '1
n D db S db bdb b rL L o 1L

-2.S.5 18.7 .45

( U9.70) 68 -29.3 15.6 122.9 .29 .40

-33.0 13.2 .12

24.4 22.0 .68

X (no troes) 63 19.8 10.2 55.5 .42 .39

35.2 15.4 .16

As seen the GAC prediction was 29. 3 db too high; the ECAC
19, 8 db too low (due to lack of trees in the model). The
correlation coefficient, r, is low. Comparison of the standard
deviation, s, show's the GRC model to have the lower value.

Had the resolts of the work shown better comparison between
the rneas.a.red and predicted values, the taok would have been
sUccessfully comnpleted in showing t-uit area predictions could be
used. Since thia was not the case, point-tn-point zalculations we.!e
made, corresponding to the! points where measurements we'e taken.
It is estimate(i that the points were located to within 100 meters un
the mnap . oniparison results are shown in Table Z.

TABLE 2 - 49,4 MHZ iNITIAL COMPAP!SON - Pi)INT TO POWIi

0 U hd sUib b db rUL L L

V-7.3 16.7 .43

V (M t jpas 6e -.10.7 14.t i102.a .30 .50

25.4 16,5 1.07

X (,7 ;2.1 17.7 -4.2 .85 .72

13.7 1.1.7 .66

,{ I -G-.4
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Tte point -to-point ECAC prediction (compared to comparable
GRC results) have the higher correlation coefficient, lower,
standard deviation, and a slope nearer unity. A calculation of
path loss at calibraticn point 30 (102. 9 db) compared well with the
measured value (13. 8 db). The GRC predicted result (132. 1 db)
was in erro: because the effective height of the transmitting antenna
was calculated to be 6 meters, too low compared to the actual height
of 219 meters. This was due to faulty Fresnel Zone clearance
criteria. This was corrected and new predictions made.

GRC predictions were made for tree heights of 70', 60', 501,
and for index of refractive value of 1, 4/3 oo . Comparison of
results showed that tHe attenuation did not decrea.se with tree height
at each point as was to be expected. The model was re-examined,
an error found and the model was corre3cted.

At the same time, it was ob.erved that the behavior of the
prediction with varying index of refraction was excessive at Eorne
point--here again, errors in the monel were -ound and again corrected.
The results are shown in Ta;)le 3 (r.:8;

TABLE 3 - 49.4 mHz COBRECTED MODM -Y

n Ddb Sdb bodb bI r

Y h-701) 68 2.13 11.6 54.9 .57 .70

Y (h-70*) 67 2.68 10.8 52.0 .58 .74

. ( "7 , L .0 S .) 25 -3. - 7 17 .8 .88 7S

,.-7 . I oGsU..c1e) 1A 7.0 p.1 77z .30 .48

-Y (h-70', 2 obstacles 24 5.3 12.8 79.3 .40 .56

The predit tion for point 47 was the only one left which indicated
a fault due (to a variation of 30.4 db for l<k<oo). This point wvas
therefore consider d invalid. The standard deviation, s, of 10. 8 do,
D of 2. 68 db and correlation coefficient, n, of . 74 was conidered
acceptable for the remaining 67 points.

I -G-5
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Of the 67 valid GRC predictions, 25 were line-of-sight, 18 had
one obstacle, 24 had two or more obstacles. The results for these
breakcbwnsare also shown in Table 3. Also of the 67 points, 56
were measured in jungle. A breakdown of results for all jungle
points is given in Table 4. IndicatLons of how to improve the GRC
model can be obtained by studying these data. For example, the
mean predicted attenuation for one-obstacle paths is too low by
about 7 db. The standard deviation, s, for the two-or more obstacle
paths is about 4 db higher than the one-obstacle paths and 6 db higher
than the line-of-sight paths.

TABLE 4 - 49,4 MHz CORRECTED MODEL - Y - JUNGLE POINTS

n Ddb Sdb bdb bl

56 2.54 11.0 65.7 .49 .68¥Y (h-70')Y (67 2.68 11.6 54.9 .58 .74)

Y (LOS) 20 -2.8 7.6 20.5 .85 .62

Y (1 obstacle, 15 6.7 9.2 62.6 .49 .56

y (2 obstacles) 21 4.6 13.1 111.2 .20 .44

The results measured at 160. 1 MHz are compared with the
predictions using the model as improved. The mean difference is
16. 2 db indicating the need to further improve the model. By
changing the equivalent dielectric constant oi the jungle mnodel from
1. 05 to 1. 07 the mean difference is changed by 18. 2 db to -2. 0 db.
The results at 49. 4 MHz change the mean difference by 5. 7 db to

2. 6 db. (See Table 5).
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TABLE 5 - 160.1 MHz CORRECTED MODEL - Y

DUdb SUdb b db bU
L 0 L1L L

2.: 16.8 1.89

Y (h-7011, 23 16.2 12.1 -18.8 1.26 .67

11.0 9.2 .63C-1.05

Y (h-70') 23 -2.0 15.0
€=-1.01

Y (h-70)
68 -2.6 11.8

f49.4 c-1.01

A comparison was made between the GRC and ECAC models
which utilized the same terrain data. The mean difference (-GRC
+ECAC) was 5. 5 db and the standard deviation was 14. 5 db which
is worse than the correlation with the measured results.

It is concluded that there is a need to further improve the models
used. The analysis done indicated that improvement can be made by
(1) comparing the two models and incorporating the best parts of each
into the final model and (2) comparing results with predicted values

* to bring the two in closer agreement. One should be able to predict
the mean difference to an accuracy of + 2 db with a standard
deviation of 8 or 9 db.

By using the squelch threshold as a reference for path loss
measurement, the path loss asing a PRC Z5 was measured up to 172 db
(+ I db). Also by using a prototype village alarm system developed

by RCA under ARPA sponsorship, it was found that path loss up to
186 db could be measured. At no time did the system give a false alarm.

Thus, it was demonstrated that the alarm systerm would work
reliably as long as the path loss was less than 186 db. In Panama,
at ranges up to 42 kin, the measured path loss was never greater
than 172 db at 49. 4 MHz.

I -G-7
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Section 1

INTRODUCTION

The objective of this theoretical effort was to devise simple

models representing propagation in a jungle environment which could

be implemented in P digital simulation and yield accurate results with

a minimum of computational time. The simplest model satisfying

these reiui rements is the conducting dielectric slab over a flat

ear:h. This slab model was shown to agree with experimental

measurements in a Thailand jungle within a standard deviation of

e dB for the frequency range 6-100 MHz.

This report is in two parts. The first part describes the

basic smooth-earth slab model and the computer subroutines which

calculate radio-path lcss for various situation . Each sitaation

allows different approximations which simplify the calculations. The

second part describes a raodel and severa. computer subroutines for

the calculation of the effects of terrain irregularities and jungle

discontinuities on path loss. This model is a combination of the slab

model of the jungle and the knife-edge model for the case of ridge

diffraction.

Where data is available, comparisons are made with experi-

mental measixrements taken in a Thailand jungle.

L The end prod-Uct Of th•-, %--o-rk is a set of ccmputer subroutines
which give basic radio-path loss for many possible configurat,.•ns Of

antennas in many types of terrain. These routines consider the

t I-H -



electric field radiated by an elementary dipole whose strength

(current x length) is such that it would have radiated P kilowatts in

free space. The actual output of these routines, however, is "basic

path loss"

20 log Efree space
Lb = Lbf + 2 E environment constant -ipole moment,

The first term on the right side, Lbf, is the basic path loss in free

space, defined by Norton as the ratio (in dB) of the power radiated

by an isotropic lossless transmitting antenna in free space to that

available to an isotropic lossless receiving antenna in free space,

Each calculated value of electric field is transformed into

basic path loss by the equation

Lb = 19.0-20log E + 20 log f

where f is the frequency in megahertz, and E is the RMS eiectric

field in the actual environment in volts per meter, calculated as if it

were received from a point dipole which would radiate one kilowatt

if situated in free space.

I-H-2
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Section 2

CONTINUOUS TERRAIN - THE SLAB MODEl

An approximation to the jungle is considered, which consists

of a uniform slab of fixed height bounded below by a flat-aarth sur-

face and above by the qir with vacuum properties. The transmitting

and receiving antennas may be either above or within the jungle.

The mathematical problem of obtaining the el--ctric field

at the position of the receiving ante'ina, produced by a point dipole

at the posiiion of the transmitting antenna, has already been exten-

siveLy studied for a many-layered mediu-u, and ad-nits an exact

solution in an integral form.

ANTENNAS WITHIN, OR SLIOHTLY ABOVE, THE JUNGLE

For this situation, the dominant direction of propagation
.6 is horizontal. The following method of integral evaluation uses that

fa-t to best advantage.

The integrand vanishes on an infinite semicircle in the

upper half plane. The originpi contour which lay along the real

Saxis is thi•refore deformed to this semicircle. One is left with

I integrals aiorg two branch '-.xts and contributions from poles that

were crossed.

The poles correspond to transmission modes chrough the

jungle that are exponentially dampld. One cut corresponds to a

I-H-3
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wave propagating laterally along the jungle-ground boundary. This

wave is highly attenuate I because of the high conductivity of the

ground and is negligible compared to other contributions to the

resultant field. The other cut corresponds to a lateral wave along

the jungle-air boundary. This wave is not exponentially attenuated

and is therefore the dominant contribution after one damping length

of the pole terms.

When both antennas are below the jungle top, this cut con-

tribution is properly called the lateral wave. The term "lateral"

arises since the radiation does not simply reflect from the jungle-

air interface, but rather enters the Lnterface from the transmitter,

suffers a long lateral displacement, and returns from the interface

to the receiver,. If one antenna is above the jungle, the cut now

corresponds to the ray that travels from nne medium to another

obeying Snell's law. This ray propagates horizontally through the

air and enters the jungle at the complex critical angle. If both of

the antennas are above the jungle, the cut corresponds to a combi-

nation of a space wave and the usual "surface" wave of radio

propagation, except in this case the surface is jungle over ground

rather than bare ground. Thus, it can be seen that the one cut

whicia corresponds to varied interpretations depending on the

location of the antennas, is really one mode of propagation through

the air, which is a familiar mode if the antennas are above the

jungle.

If either antenna is higher than a Fresnel zone above the

junglo, the poles lose their physical meaning as waveguide modes

and are no longer negligible, thereby nullifying the usefulness of

the above procedure. This case is treated separately in the section

on one high antenna.

I-H-4
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We have obtained an integral representation of the lateral

wave valid for ranges greater than a wavelength. This integral is

evaluated numerically in a computer routine called JUNGLB.

LOW-FREQUENCY VERTICAL POLARIZATION

For the case of vertical polarization only, JUNGLB must

be supplemented by another computer routine at low frequencies

and ranges. This routine (called LOVE) is a combination of a low-

frequency solution for ground wave propagation due to Sommerfeld

(and others) and its extension to a two-layered medium due to Wait.

ONE HIGH ANTENNA

For the situation where one antenna is too high above the

vegetation for JUNGLB to be accurate, the previously defined method

of treating the original integral is abandoned, and the integral is

evaluated along a steepest-descent path corresponding to ,,, 'ay

propagating to or from the high antenna, rather than aloi.,. .

interface. The value of E used is the RMS value of the total electric

field vector which is perpendicular to the ray direction at high alti-

tude. A factor of sin e has zeen omitted so that the basic path loss

derived from E will correspond to an isotropic radiating antenna.

The routine which evaluates the field in this manner is called HI.
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Section 3

DISCONTINUOUS TERRAIN - THE DIFFRACTION MODEL

The problem of propagation over two dissimilar paths and

the problem of diffraction over an obstacle are handled by the same

basic method, a combination of Green's theorem and the Kirchhoff

appruximation. This method is the same as that used to obtain the

•:Alution in the problem of Fresnel diffracti'm by a straight edge.

Green's theorem makes it possible to obtain the signal at any point

to the right of a plane in terms of the value of the signal on that

plane. The Kirchhoff approximation is the assumption that the signal

on the plalie below the limit of the obstacle (the ridge top or the

jungle top if no ridge is present) is zero, and the signal above the

obstacle is th!t which would occur if the medium on the left of the

plane also existed continuously on the right, i.e., the ridge is

absent and the media on both sides of the plane are identical.

This procedure leads in all cases to an integral over the

plane of the product of twc functions which represent, respectively,

the signal on the plane due to the transmitter and the signal on the

plane due to the receiver (as if it were transmitting). It is there-

fore necessary to have analytic expressions for these signals so that

one does ncit have to integrate over the results of other numerical

integration s.

We have built four different computer subrcutines which

treat four separate situations:

I -H-6
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1. MIXLB - a numerical routine which treatsq th
case of antennas within or slightly above a jungle
where the character of the jungle and ground is
different in the vicinity of each antenna. This
admits th• possibility of no jungle at all at one
or both antenna locations. This routine, which
is the most accurate and time-consuming of the
four, includes the case where the boundary between
the media can be very close to one of the antennas.
Such a situation is not allowed by the other three
rountines.

2. HAFAS - a simple, short and approximate
restine which treats the case of one antenna in
or slightly above jungle, and the other antenna
far from any reflecting boundaries so that the
signal from that antenna to the plane is a free-
space signal.

3. MXLDIF - a comprehensive routine which treats
the cases of antennas of any height, in media of
any type, and elevation separated by a single
obstacle of any height.

4. TWOPIK - an extension of MXLDIF which treats
the -.- se of two, obstacles separated by media
of any type and any elevation below the lowest
obstacle. This routine is not as accurate as
MXLDIF, since it includes an additional assump-
tion regarding two-ridge diffraction which breaks
down for cases of small diffraction loss. The
additiona computation time necessary to make
it as accurate as MXLDIF is unwarranted, since

t the expected diffraction loss for the cases where
it breaks down is less than 6 dB. The rautine,
therefore, is simply not called in those cases
where the heights of both obstacles are small
enough so that the expected diffraction loss is
less than 6 dB.

I-H-7
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Section 4

COMPARISON WITH EXPERIMENT

LOW-FREQUENCY VERTICAL POLARIZATION

Path-loss predictions usm.g the slab model of the jungle have

been shown to agree with experimental measurements in a Thailand

jungle without a standard deviation of 6 dB for the frequency range

6-100 MHz. Predictions at frequencies above 100 MHz were shown

to be in less agreement. For frequencies below 6 MHz, the data

showed the path loss to be close to that which would be predicted by

classical smooth-earth procedures. Closer examination of this

measurement data, however, has shown that an assumption of bare

ground is not strictly valid aikd that better path loss predictions are

possible. A routine incorporating jungle effects has been evolved

for low-frequency vertical polarization cases and designated LOVE.

A comparison of data with calculations from LOVE has been

made, wherein the calculations employed the jungle and ground

constants which were previously chosen as best for the 6-100 MHz

comparisons. The agreement is excellent.

OBSTR1UCTIONS

The original comparisons of the continuous terrain model

(JUNGLB) with the experimental data taken by Jansky and Bailey were

made for ranges of one mile or less, since there were intervening

hills for all range points beyond a mile. Subsequently, comparisons

I-H-8
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with their data we-e made for ranges beyond a mile, using p,,'e-

dictions from the obstacle routines MXLDIF and TWOPIK. The

range of frequencies considered was 6 to 400 MHz. The jungle and

ground constants used were similar t. those used previously for

best fit in the original comparisons fur smaller ranges.

The overall comparisons for the many range points, antenna

heights, and frequency show a near ze.-o mean difference with a

standard deviation of about 6 dB.

f
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APPLICATIONS OF RADIO PROPAGATION MODELS

C. T. Clark
General Research Corporation

BACKGROUND

From 1965 to 1968, General Research Corporation engaged in a study for the
Advanced Research Projects Agency concerning the problen of analyzing the tactical
communications of lower level military units operating in jungle-covered terrain.
This activity was conducted simultaneously and in cooperation with other ARPA and
SEACORE contractors.

The study objective wa3 to produce a means for rapidly assessing, with some
known degree of confidence, just how well any given radio communication system
would perform (from both the technical communication system standpoint and from
the tactical usefulness standpoint) in dynamic tactical operations such as were
being conducted in Viet Nam.

The inethod chosen to implement this objective was a simulation, which would
model:

e realistic military unit deployments (including unit movements), each
unit using appropriate tactical radio equipment in all appropriate nets

a good path loss calculations for each link in each net, taking into
account the actual vegetation and terrain features which affect the
various propagation paths as units move about in the area of operations

*9 ctical message traffic typical of such operations, each message spe-
cifically related to the tactical operation in terms of content, origina-
tor, addressee, precedence, and time of origination.

A simulation, embodying thcse characteristics, was constructed and was designated
TACOS II. It was used in its entirety or in part, to assess a number of different
communication problems. The remainder of this paper presents a brief description of
the simulation and some axamples of its use.

SIMULATION DESCRIPTION

Three basic types of models are used in combination to simulate tactical com-
munication operations: (1, atactical model to generate the positions and message
requirements of combat units etigaged in field operations; (2) a liuk status model
to ascertain the ceerability of each communication link in a system as a function
of time and the location of its terminals (combat units) in the simulated environ-
ment; and (3) a message processing model to determine the actual time sequence of
the stages each message goes through from the time it is first filed until it is
successfully completed. Figure 1 shows a block diagram of the simulation.

Tactical Models

The most soohisticated tactical model, INSURGE-I!, is a computerized two-sided
tactical engagement gare tnat provides a dynamic enviroilrient for testing taCti.Ca
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communication systems in the TACOS-II simulation. The model accomplishes this task
by (1) moving combat units over terrain in a realistic tactical manner, (2) initiat-
ing specific requirements for tactical messages as a function of individual unit
combat situations, and (3) reacting to the completion of tactical messages by using
their information to influence subsequent tactical activities.

In the INSURGE-II tactical model, friendly and enemy forces are assigned strengths
(number of troops), weapons, command structures, initial dispositions in the area of
interest, and combat missions appropriate to their capabilities. The model simulates
unit movement and the acquisition of intelligence, considering environment and enemy
activity. Tactical decisions based on orders and acquired intelligence are made
repctitively for each unit in accordance with its assigned mission.

Available artillery and air fire support is provided (with the approval of
affected higher headquarters) based upon situation reports received fr'ir the request-
ing combat units. Fire between units in contact is modeled with weapo, •4fectiveness
governed by range and terrain considerations. Attrition resLlti'g from these
engagermnts and from supporting artillery, from heavy weapons, and from aircraft,
is calculated, and unit strengths are correspondingly modified.

Several less sophisticated tactical models were dlso developed and can be ised.
The INSURGE-I tactical model has the same features as the INSURGE-II model except
for the multi-level command ana control exercised by headquarters units. It is
useful for studying the actions of combat units which act independently of other
friendly units. A third skeletal tactical model can also be employed to assess
communication situations which are primarily static or when deploymeot changes are
pre-determined. This model causes units to move and generate messages only in accord
with pre-specified invuts.

Link Status Model

The link status 'odel determines to what degree any given communicaition link
is operable as a function of terminal equIpment and the propagation path conditions
existing between units at each end of the link. Propagation Xia grourd wave or
via near-vertical skywave paths is modeled.

The ground wave path loss procedures first determine the nature and structure
of vegetation and terrain variations along the propagation path; the model then
calculates path loss using thE most auiropriate of nin'e methods, e'ight of which are
based upon the characterization of v atation as a lossy dielectric clab (described

Selsewhere herein by Dr. David Sachs). The skywave elrients of the model solve the
j Appleton-Hartree equation for the height of reflect 4 on in the ionosphere, described

by its electron density and cý-l'Yion frequency profiles. The loss in the ionosphereSis ohta-ned by integration oieý- the r•, vnt'.,

The signal-to noise ratio (and hence the link operabil'llty) is calculated from
input hardware characteristics, from median values of path loss and atmospheric or
cosmic noise, and from prob, as-i: adjustments to such median values derived from
input st?1istics regarding the uncertainty in their true value. Such probable varia-
tions in path loss and antenna pattern distortions due to jungle environments are
based on measurement wita take- by SEACORE contractors in Southeast Asia.

j 1-1-3
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Message Processing Model

This model must be operated in conjunction with one of the tactical models
(which specify messages and their initiation times) and the link status model
(which specifies link operability). Other input data describe the "tbucture of
the communication system, permissible routings for the various possible message
types, rules governing the use of message precedence on system traffic handling,
recycling procedures to be used when routes are busy, etc. Utilizing this infor-
mation, the message processing model attempts to route each tactical message to
its addressee respecting the technical status, the traffic conditions, and the
operating practices of the modeled system. When no working route for a message
is found, it is recycled after an appropriate delay.

In performing this function, the model necessarily produces information as
to any delays encountered by each message and whether such delays are attributeble
to link outages or system traffic. It alko records the specific route used to
transmit each message.

SIMULATION APPLICATIONS

Long Range Patrol Communication Equipment Reeuirements

About four years ago, ARPA undertook a program to systematically identify
the unique attributes which small independent action forces (such as long range
patrols operating in enemy-held territory) might generally require, and to rec-
ommend personnel selection and training methods and equioment requirements which
might enhance the Armed Services' capability to field such units. Under this pro-
gram General Research carried out a study project concerned with radio communica-
tions.

The essence of the study was to specify the performance required of radio
sets which would allow satisfactory communication over the necessary ranges in
three different environments: Southeast Asia, Middle East, and Europe. Performance
of existing portable military radios w;ts compared with that required, and necessary
improvements defined in dB so that radio design engineers might jud"ge the feasi-
bility of obtaining such improvements by changes to transmitter power, antenna
gains, transmission bandwidths, etc.

The results of the study were mi~y and varied greatly depending on combinations
of such factors as link type, environment, frequency, equipment characteristics,
terminal station locations, etc.

Fundamental to this study was an assessment of values for maximum path loss
which might be expected in the various eavironments at the maximum specified operat-
ing ranges. The most severe requirements were imposed by the need for a patrol to
comnunicate directly with its parent unit (base station) by voice at a range of
100 km.

The link status model of the simulation was used to assess path loss values
expected in three typical environments. Map data (topography and ,egetation cover)
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at 500 meter grid intervals was put into the computer. For Southeast Asia, an
area near Pleiku, Viet Nam was used. F.'r a vL'bstitute Middle East area, a portion
of Nevada was used; for a substitute ruqged European; area, terrain near Fort Bragg
was used.

In each mapped area, a number of reasonable base stat,-:,1 s'tes, and potential
patrol station sites deployed radially around the base station at various ranges,
were selected and input to the link status model. Computations were then made for
228 cases using combinations of geographical areas, link terminal locations within
each area, antenna heights above local terrain, frequencies, and polarizations.

A sample of the results of these computations is shown in Fig. 2 for one of the
Pleiku base station locations where the base station and patrol antenna heights were
10 m and 2 m respectively, and the transmission frequency was 60 MHz, vertical Folar-
ization. Since the distributions of path loss at any given range were usually not
normal, curves of the median path loss not exceeded in 10, 50, and 90% of the loca-
tions are shown.

F These basic path loss estimates were evaluated and combined with variable path
loss data to produce values of "maximum expected path loss" for the- following link
situations: Intrapdtrol and patrol-to-patrol VHF links, Patrol-to-airborne platform
VHF and UHF links, Patrol-to-base HF links, Patrol-to-bas or mountaintop-relay VHF
links.

Portable military radio sets now in use were evaluated, as appropriate, for their
range performance in each conmunication* link situation. Figure 3 shows the dB im-
provement reOLfr.d above present VHF equipment (AN/PRC-25 or 77) capability to over-
come losses sufficiently to pr.,vide 90% voice intelligibility at ranges of 50, 75,
and 100 km i each geugraphicai environment for three different deployment situations.

Hypothetical Multi-battclic, Engagement

Following the development of tie TACOS-Il simulat!on, a family of test runs was
made to check out model sensitivity to the random number prc-esses used, and tactical
outcome sensitivity to communication .•ystin performance and particular tactics emplyed.

Random number calculations are employed in all of the major models i.4 74.-'S-I.
4 In the tactical model, probabilities are used to assess the <Jetection an4 acquisition

of i'.telligence by each combatant. irf the message procEssir., model, particular
message origination times, lengths, and processing times are !elected from distribu-
tions specified by input data. In the link status model, uncertainties in propagation
path loss caused by fading, antenna pattern distortions, and imprecise descriptions
of the environment are accounted for by adjustments to the basic loss calculations
(considered as median values) which are drawn from distributions described by input
data. These inputs, in turn, are based upon the variability experienced in field
measurement programs. As a result, thousands of random numbers are employed in the
probabilistic calculations performed during each ru* of the TACOS-11 simulation.
Hence, the outcome of one run is but a sample of a probability distribution, and a
number of runs with identical inputs but different random namber sequences are required
to establish the nature of each distribution.

Upon completion of the development, a series of TACOS-II sinurlation runs were
performed employing a single tactical setting. This battle involved a blue brigade-
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FIG. 3 NEEDED dB IMPROVEMENT ABOVE PRESENT EQUIPMENT

PERFORMANCE FOR PATROL-TO-ANY BASE STATION VHF RADIO LINKS

Vertical Polarization

90% Voice Intelligibility

Pleiku North Carolina Nevada

30 60 30 60 30 60
M'fz MHz MHz MHz MHz MHz

PATROL-TO-NON"LEVATED Be&SE STATION RADIO LINKS

100-km Range 53 47 43 35 26 20

75-km Range 44 37 33 26 16 11

50-km Range 33 27 23 15 6 OK

FATRBL-TO-INTERMEDIATE MOUNTAINTOP RELAY STATION RADIO LINKS

100-km Range 31 27 45 34 26 20

75-km Range 21 17 36 24 16 11

50-km Range 10 7 25 13 6 OX

PATROL-TO-BEST MOUNTAINTOP RELAY ST.JAION RADIO LINKS
1.4

100-km Range 25 15 3j 24 9 4

75-km Range 16 7 25 14 OK OK
50-km Range 5 OK 13 3 OK OK
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size force, in a search and destroy operation, which encounters two battalions of red
forces. The blue Ldctics were standard U.S. infantry practices as embodied in the
INSURGE-II model. To reduce uncertainties, each red force was modeled as a single
combat unit rather than as a headquarters and several subordinates. Consequently,
command and control of each red force wzis treated as neiirly perfect. No coordination
between the two red forces was assumed or provided, howpver, other than exchange of
intelligence via a "perfect" communication system.

One series of simulation runs were performed with the red forces employing a
tactic believed to be representative of many VC actions in Viet Nam. Briefly, this
tactic assumed that the red would attack when confronted by a small force, hold when
confronted by a roughly equal force, and rapidly disengage and withdraw to a pre-
pared position when confroihted by a superior force. In half of the simulation runs
of this series, a reasonably good performing blue comnmunication system was ved while
in tne other half of the runs system performance was somewhat degraded. Eacii run of
the "good" or "bad" communication classes differed only in the random number sequence.

Next, a similar series of TACOS-II runs were performed in which the red withdrew
slowly, rather than rapidly, tuward the same prepared positions. Agair both "good"
and "bad" blue communication system performance and random number sequence differences
were used.

The basic scenario was structured sn that two countcrinsurgent (blue) infantry
battalions employed in a search ana destroy operation would each encounter an enemy
infantry unit (red) of near batlion size. One of these red units, during its
withdrawal action, moved from one biue battalion zine of operation to the other. Such
an action would require considerable coordination and control by higher headquarters
and exercise much of the aecision logic incorporated in the model.

T.'e tactical action is centered in a valley, running from northwest to south-
east, some 15 km west of Chu Lai in Viet Nam. Figure 4 illustrates the initial loca-
tion of the principal forces. The terrain and vegetatioa data used in the link
status model for these tests were taken from Tra Bong Sheet (6739 IV) of the 1:50,000
scale Army Map Serý,'.e Series L7014. Figure 4 shows the disposition of all forces,
except the blue aircraft, and artillery (which are located 15 km and 10 km to the
east respectively) at the start of the simulated operation, 0600 hr.

The blue force consists of a brigade headquarters (unit 1) and battalions 1 and
2 whose headquarters are units 4 and 13, respectively. The zones of search respons-
ibility for the front line companies and battalions of the blue force are indicated
by the zone lines. The 1st battalion is responsible for zones 4, 5, and 6 to which
front line companies, units 7, 6 and 5, have been respectively assigned. The 2nd
battalion has assigned front line companies, units 16, 15 and 14 to cover zones 1,
2 and 3, respectively. Each battalion has one additional company in reserve (unit
8 of 1st Bn and unit 17 of the 2nd Bn) while two additional companies (units 2 and 3)
are assigned as brigade reserves to accompany that headquarters until such time as
they may be committed to the tactical sctiin.

The insurgent (red) force, is composed of two battalion-sized units (units 31,
33), two small outposts (units 32 and 34), and unit 30, a small headquarters. Prior
to the start of the sweep operation by the blue force, the red units were organizing
for a n.ajor attack on nearby government installations. In the face of now present
superior enemy, the red forces will conduct a withdrawal operation attempting to in-
flict casualties on the elements of the blue force.

1-1-8 106<
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In performing this withdrawa' operation the red units will move along the dotted
path shown in Fig. 4 to a series if alternate positior. and, if forced to, will with-
draw to their base camp in the jungle-covered mountains t,. the northeast of the valley.
The initial location and the withdr3wai routes of the red forces are not known, of
course, by the blue force at the start of the sweep.

The blue forces tactical radio communication sy;tem as modeled in the test series
is shown in Figure 5. (The red conlnunication system was not explicitly modeled in any
of the TACOS-I! test runs. Instead all red jnessages were assumed to be complete at
a time equal to their filing time plus the message lenath. Hence the red forces were
considered as possessing a "perfect" communication system free of delays occassioned
by message queueing, link outage, or ope..rator reactions.)

Although each net is used primarily for a particular milita.ry function, other
traffic types are often routed through one or more links of a net to expedite com-
municatian. In the message processing model, a message was allowed te take an alter-
nate route in a net other than its most dasirable net (or link type) only if no possi-
ble route existed using the most desirable link type. For example, command messages
could be sent on tb'z artillery nets only iF no single or multiple link routing was
possible v-,a the i.-farinr nets. If such a route was possible but busy with equal or
higher preceI•",-e tMffi,., rhe commend message was recyclei until it could be pro-

The;e onea ~of-~ operav.s cni•ed " "

The area of cpera~ ~is consisted primari jy of Jungle with a scattering of open
forest, scrub brush and cleari;igs. In modeling the series of tests referred to as
"g.-od" communications, the jungle w,.ýs represented as a lossy dielectric slab 15 meters
in thickness (bedIeved typical for tins regionO and the message processing delays were
these believed typical of alert radio operating personnel. For the test runs classed
as typical cf "bad" communication conditions, the jurgle slab thirt.ness was increased
to 30 meters and operator reaction times were increase~d modestly. The same r.idio ,iets
and equipment were used in all runs.

A total of 16 TACOS-Il test rups were; perfotrned. The detailed time sequ,..ce &of
actions and the resulting casualties as determined by the oymputer were different for
each run. The general course or the action, however, was the same for all test rx'ns
associated with each red withdrawal tactic (rapid or sloN). S!alf of the TACOS-II
runs modeled the red fnrces with rapid withdrawal actions and the remainder with a
slow withdrawal tactic. Eech of these groups of test rur,, was further divided accord-
irj to the performance of the-blue comnunication s,:.,tem--either "good" or "bad". The
four TACOS-I1 rans in each zubgroup differed only "a terms of the random number se-
quence employed.

Figure 6 shows that, with the true jungle (i.e., "good" communicadion) runs, all
links in the system were operable at least 50% of %he time and 40-50% of the system
links remained operable 100% of the time. With the runs employing the taller more
severe jungle (i.e., "bad" communication), only about 30% of the system links were
always operable. Viewed another way, in tne "good" runs at least 90% of the links in
th: system were in working order 80% of the time, while in the "bad" runs only 50%
of the links were operable. Viewed another way, in the "good" rtuns at least 90% of
the links in the system were in working order 80% of the time, while in the "bad"
runs only 60% of the links were operable 80% of the time.
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FIG. 5 RADIO CO'..LYICAT, O.NI NETS

PADIO df lreq.
.!cc No. Type %n,":Io ."s-bet Units Tre . ý..• •z A.ntenn&

I 1 Bigs.c C,-.and 22.25 V7R-12 N 40.0 3--m -hip ci A1-292 Mast

and C;ersa ens 1,4,13 ?IC-25 r.1 40.0 3-a whip at back-.pack height

2,3 ?RC-25 ?M 40.0 1-o whip at back-pack height

2lt 5:n Coemand 4,11.1R PKC-25 ?3 t 42.3 3-m whip at back-pack heisg.t

and Operations 2,3.5.6.7,8,9,10 I.-2S FlN 42.3 1-m whip at back-pafk height

3 1 2nd Itm C-and 13,20.21 ?8C-25 N• 45.5 3-m whip at back-pack elsg-t

and Operations 2,3.14.15.16,17 ?2C-25 f4 45.5 1-% whip at back-rack height

18.19

4 Ali Request 1,25 ?IC-Ai AM 4.5 10-a vertical whip, base

555 at gtound 1lve?
4,3.6.7,8,13.14. FpC-47 AX 4.5 3-s whip at back-pack height
15.16,17 553

AiLt/Groumd 1,2,3,4.5,5,7.8, Mis:-41 iH 231.0 1/4 coaxial stub 2 a

17.18.19.25

CoordiLnation 26,28 APZ-27 211.0 44 coaiAal stob oa
aircraft

M.rICrnoznd 1.2.3.4.5.6. M1-41 AN 222.0 1/4 cmexial st~b 2 , cio-*
7,8,9.10,13.
14,15,16.17,
18.19.25

-Coord1uit1OQ 27,29 £K--27 AM 222.0 1/4 coaxial stub an aircraft

Arttlle'7 fire 22,23 9T9-12 IN 36.2 3-m whip an IC-292 cost

Coogdiaton 1,4,1.3 JC-2- 14 M.2 3-u whip ac. back-pack height
2,,5.6,7,8.9.10. ?W3-25 In 36.2 1-a whip at back-pac\ height
1,13.,16,17.18,19

I A Artilley fire 22,24 99012 IN 37.1 3-a whip on IC-292 mast

Coordination 1,4,3 9tC-A ! 1 37.1 3-a whip at back-pack h.eitht
2,3,..6,,8.9,10, F3C-25 IX 37.1 1-. whip at bick-l. jk height

14.13,•1,17.18.19

9 4 Artillery 22 TLC-12 TM 36.6 3-a whip on IC-292 mast

3*qutst 1,4.13 .PIC-23 IN 36.6 3-4 v•Mp *m back-pack h@lght*

2.3.5,6.7,8,S.11 FaC-S P' 13.6 1-- wip at back-pack I.aight

10 4 Ist 9steaio FM 38.0 3-0 whp at btck-par height
Um• :• •tt3 2.3,3,6,d,$SI:o mt-.13 F- is.,;. i-a whip at back•-pack ooelght

11 4 2ed Battalion 13,3.2% PC-5 4 37.5 3-a whip at back-pack he,'ht

F~ Costtsl 2,3.14.11,16.17 PIC-25 37.5 1-s whip at back-lack he Ig.•t
18,19
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The light lines surrounding the performance curve for each type of Jungle in
Fig. 6 indicate the variability in parformance which resulted from the different
random number sequences employed. Clearly, with the scenario used, the probabilistic
calculations of link performance in TACOS-II produced no significant differences in
the overall link operability data as deduced from any given run compared to any other
run in which the hardware and propagation environment descriptors were held constant.
Of course, another scenario, involving friendly combat units more widely dispersed or
different terrain with more variations in topography or vegetation, could yield more
variability in the link performance data.

Also shown in Fig. 6 (as a dotted curve) is the link performance obtained from
an early TACOS-IT test in which the entire map was assumed to be uniformly covered
with the "true" jungle.*

It might be inferred that communications would necessarily be poorer for the
"bad" condition than for the "good" from the data shown in Figure 6; however, just
how much poorer can be seen in a cemparison of the message delays encountered under
each situation. Figure 7 shows message delay distributions for the "good" situa-
tion and Figure 8 for the "bad". It can be seen that the median message delay for
"good" communications was of the order of 1.8 minutlxs while for the "bad" (Fig. 8)
it was of the order of 5 minutes. Similar comparisons can be made for high precedence
c-ders and reports (message type 1) and intermediate precedence intelligence messages
(type 5).

A great variety of other communication system performance data was also Generated
which permitted examinations of individual station, link, and net delays, traffic
loads, etc. However, the significance of these data is not clear unless it can be
related to tactical performance.

The simulation produces a variety of tactical performance information. Measures
which could be examined include: times to reach obj'ectives, effectiveness and effi-
ciency of use of organic and support fire, casualties, etc.

Figure 9 shous a plot of blue casualties versus red casualties for all the test
cases wherein the red f'rrces employed the rapid withdrawal tactic. The solid con-
tour lines represent the location and shape of the distribution of tactical results
that might be expected in the "good" communication situation; the dotted contours
those for the "bad" (assuming.that the modest sample of four runs in each distribu-
tion do adequately describe its mean value and dispersion). Since these two distri-
butions are distinctly separate, it may be inferred that "good" communications had a
significant part in causing the blue tactical successes.

Figure 10 shows the same comparison for those cases where the red forces employed
a slow withdrawal tactic. Although the blue forces again inflicted more casualtie.
than they received, the difference between tactical performance under "good" commuwm-
cation conditions is not greatly different from that under "bad" communication condi-
tions.

rN o variability is shown since thv plotted data resulted from a single TACOS-II test.
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The conclusions drawn from these tests are (1) that the Monte Carlo techniques
used f.. the simulation do provide probable communication sytein and tactical per-
formance values, and (2) that communications system performance measures alone cannot
always be used to infer their value to tactical performance.

116<
1-1-18



PHYSICAL MODELING TECHNIQUES

by

Dr. Kurt Ikrath

C0-mmunications/ADP Laboratory
US Arri.; ýlectronics Command
Fort MonmouK NJ 07703

It

Presented at

Workshop on Radio Systems
in Forested and/or Vegetated Environments

US Army Communications Command
Fort Huachuca, Arizona

6-9 November 1973

I-J-i

117<

; _ _ -



SUMMARY: Physical Modelling (The performance as RF antennas of trees and
vegetation in jungles and man-made structures in urban areas)

Kurt Ikrath and William Kennebeck
Communications/Automatic Data Processing Laboratory

U. S. Army Electronics Command, Fort Monmouth, New Jersey 0770U.

A model is a standard for imitation or comparison, i.e. a tepresenta-
tion, generally in miniature, to show the construction or to serve as a copy
of a physical system or phenomenon, in our case, HF radio communications in
jungles. Physical models of HF radio communications in jungles serve a
different purpose than theoretical or otherwise convenient conjectures anout
the propagation of HF radio waves over jungle-covered terrains. The purpose
of the physical models which are described here becomes evident by consider-
ing the practical realization of "Tree Telephony and Telegraphy,' as envisioned
in 1904 by Major George 0. Squire, U. S. Army Signal Corps (Ref. i).

The practical realization of tree telephony and telegraphy in jungle
environments was demonstrated by comparing the performance of a typical whip
antenna as shown in Fig. 1 (Fig. 9 of Ref. 2) with that of trees as antennas
excited by toroid-shaped Hybrid Electromagnetic Antenna Couplers (HEMAC's)
as shown in Fig. 2 (Fig. 7 of Ref. 2). The performance as transmitter an-
tennas, of the whip and of jungle trees powered by the same PRC-74 set are
seen in Fig. 3 (Fig. 16 of Ref. 2).

The divergency of the decays with distance from the XMTR of signals
emitted by the whip antenna and by HEMAC-coupled jungle trees (Fig. 3) could
be dismissed as statistical coincidences, were it not for the results nf
previous experitents in deciducus forests in Nkw Jersey. Typical samples of
these experimental results a-e described by the radiation pattern reliefs
and the corresponding totcl radic illumination (TRi) values* in Figs. 4 to, 6
(Figs. 5, 7, and 9 of Ref. 3).

The fact that this divergency and the relative-to-the-whip superior
performance of HEMAC-coupled trees as antennas is not an anomaly is seen by
data from the Gamboa JungleArea in Figs. 7-10 (Figs. 17, 21, 22, and 24 ofI Ref. 2). The divergency between sibnal-versus-distance decays, as sensed
by the whip and by different hemac-coupled jungle trees, particularly after
heavy rains in dripping wet jungles (Fig. 11) is self-evident. While omit-
ting further details here, which are given in Ref. 2. it should be pointed
out that in the Gamboa, Panama Canal Zone, jungle tests, the transmitter and
receiver whip antennas were privileged by having been set up on ý narrow
dirt road (Fig. 13) rather than in small jungle clearings (juýigle holes) cut
out by machetes from the dense underbrush and vegetation.

The explanation and verification of this divergency and of the corre-
sponding apparently artenna-dependent signal-versus-distance decay between
transmitter and receiver locations in dense forest-covered terrains became
the primary objective of our physical modelling in the laboratory.

Integral of radiation pattern



The live model vegetation in the form of shrubs, grasses, and herbs zeen
in Fig. 11 (Fig. 1 of Ref. 4); the miniature whip; shielded magnetic loop and
hemac toroid (Figs. 2-5 of Ref. 4); and the results of microwave model trans-
mission measurements given in Figs. 12-17 (Figs. 7-12 of Ref. 4) verify and
explain the observed divergency as follows. The linear one-dimensional elec-
trical whip antenna is least qualified; the circular two-dimensional,
shielded magnetic loop antenna is better qualified; and the toroidal
three-dimensional hybrid electromagnetic antenna coupler is best qualified
to match conventional radio transmitters and receivers to the polarization
and electrongnetic field impedance-diffusing environments formed by RF
leakage coupled forest cavities under the rough and leaky foliage canopy
roofs of jungle forests.

However, microwave frequencies and the live vegetation of the miniature
jungle model cannot be used to model the enhancement. of RF leakage radiation
from forest cavities by wrapping hemacs around the pillar of the forest can-
opy roofs, i.e., around the tree trunks (Figs. 3-6 and 25 of Ref. 5).

The fact that the local tree configurations which form the forest cavi-
ties govern tth mutual coupling between the directly energized hemac-coupled
tree and adjacent 'rees and consequently the directivity of RF radiation is
self-evident. The shapes of the radiation patterns from various trees in
forests in New Jersey have shown that the directivities of RF radiation from
forest sites can be traced to "dominant natural tree loops" and to certain
terrain featuces (Refs. 5 and 6). Similarly, parasitic coupling between the
directly energized whip antenna and adjacent tree configurations manifest
themselves in domiaant "whip-tree loops" and corresponding shapes of the
radiation patterns (Refs. 4, 5, and 8).

However, military radio communications in jungle-covered terrains re-
quire that the control over the directivity of RF radiation from forest
sites must not be left to local forest structures, but must be given to the
radio operators. The degrees of success achieved in controlling the direc-
tivity of HF ground and skywave transmissions with the aid of a phased
hemac-coupled twin-forest-tree XMTR array in Fig. 18 (Fig. I in Ref. 7;
Fig. 2 in Ref. 8) are quantified by the ground wave radiation patterns in
Figs. 19-21 in conjunction with the map of the receiver locations in rela-
tion to the forest XMTR site in Fig. 22 (Figs. 7-10 of Ref. 7). Reference 7
also introduces a close relative of the natural tropical jungle, namely,

-4the man-made urban jungle. The coexistence in this jungle of shade trees
and of metal lantern poles gives the opportunity to compare their antenna
characteristics. Of particular interest with regard to ground anti skywave
transmissions is the response of trees and of lentern poles to topside
incident radiation from an aerial tranway transmitter gondola. The experi-
mental setup and the self-evident results are shown in Figs. 23-25 (Figs. 32,
36, and 38 of Ref. 7). Like the live vegetation of natural jungles, the
steel-concrete structures of urban jungles form hostile environments for
conventional tactical radio communications. The live natural jungle vegeta-
tion and the lifeless urban jungle structures are also close relatives in
the military sense; they are both a camouflaged haven for guerrilla forces.

The reasons for this dilenmna are that radio antennas extending from a
soldier's back-pack set, from military vehicles, shelters, and command post
installations are visual designators of prime targets for attacks by

-----



guerrillas who are camouflaged in this jungle; ana radio sgqnuls emitted
from these antennas are perfect trigger and homing beacons for mines and
missiles.

Thus it is evident that particularly in urban jungle wars, tactical
military communications devices and radio transmis inns must bi camouflaged
visually and electronically.

As described in Refs. 7, 8, and 9, it is logical to exploit for these
purposes the electromagnetic characteristics of live and of lifeless station-
ary, mobile, and airborne structures that snape and are shaped by man,
including man himself. The role of man in HF emission from a human body
camzouflaged and human body coupled (1 watt) radio XMTR is revealed by the
pictures and the data in Figs. 26-31 (Figs. 1, 2, and 4A-4C of Ref. 9).

The data (Figs. 28-31) reveal that the human body can serve as a rela-
tively efficient camouflaged RF antenna if one does not couple to the belly.
Evidently•, in contrast to the tissues under the bark of tree trunks, the
tissues urderneath the waistline portion of the body are RF absorbers. The
effeýt~ver-.ss of the human body XMTR showed up in those natural and man-made
junglt environments to which the whip cannot adapt itself mechanically and
elIect-rically.
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FIG. 9 FRC-.74~ Set + Whip At Jungle
Hole Site
Chiva Chiva Area, Panama C~Z.

September 71

Fig. iI. -3-5
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FIG. 7 hM2(AC T~O-Mi COuPled Tree and
PIL-7I Set At Jurle Hole site
Chiva Chiva Area, Panama C.Z.
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Fig.26
Body Coupled HEMAC-XMTR
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Fig. 4 (A and B). Relative Field-Strength Levels (dB) from gody Coupled
4.2-MAz Hemac XMTR, Wayside -est Area, 4 Dec. 1972.
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Fig. 4 (C and 0). Relative -ield-Strength Levels (dB) from dlody Coupled
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APPLIED MIXED-PATH THEORIES

BY

Dr. James R. Wait*

Abstract - We present a consolidated review of recent
analytical studies of electyomagnetic waves propagating

over inhomogeneous surfaces. Emphasis is on smooth bound-

aries that can be characterized by a local surface impedance.

A general'integral equation formulation is developed for this

situation. A number of special cases are then considered and

various methodq of solution are described. Various concrete,

practicai examples are presented, particularly vith regard

to effects that occur at coastlines. Extensions to certain

types of terrain features are also treated using the closely

related mode matching method. Some -ontroverý*ial aspects of

very recent work on the subject are described briefly.

INTRODUCTION

There are many problems in communications, navigation,

and applied geophysics where the system performance is

dependent on the electromagnetic ground wave. The latter

refers to the wave that propagates along the surface of the

earth such that its characteristics are influeiced primarily

by the profile and electrical properties of the earth's

surface. Ten years ago, we reviewed the analytical

aspects of this subject and attempted to give i self-

contained account of the theory (1). Since then, there
I.K-
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has been a lirge number of further developments that

warrant, mention. Also in view of new insight, r reappraisal

of sume of the older work is justified. In this context,

we have prepared a review of the current work Our atten-

tion is devoted mainly to the frequency ranges that are of

relevance to navigation systerms and communicatimns. As

such, the electrical properties of tie surface layers are

at least as important as the oDpographical feat'ires. Many

of the methods should have application to radio wave trans-

mission over forest covered ground. In this connection, we

call attention to papers presented by Drs. T. Tamir and

D. L. Sachs at this workshop.

Because of space limitations, we include here only the

list of references upon which the review is based.

Interesced readers may obtain a c.py of the full review

from the author.

1"Consulant L. t ho Institute for Tclecommunication Sciences,

Office of Teincommunicati,-:>zo Roulder, Colorado.
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I. INTRODUCTION

The propagatior. of a radio wave from a trarsmitler to a

receiver, both located in a fores.t-covere' cr vegetated media

(e.g., jungles), suffers the least attentuat±on alonq a ray-

trajectory lying parallel to the interface between the top

medium and air. This ray tra.iectory, called a lateral wave,

is shown ir, fig. 1.

Air _ - Lateral-wave

Receiver
Transmitter Medium l(-v

Medium 2 (o-v 2, °'h2')

Ground

Figure 1. Geometry of transmitter, receiver,
and lateral-wave

The lateral wave may suffer less attenuation than the dire..t

ray (space-wave) or ground-reflected ray because a major por-

tion of its path may be in air. One of the earliest reasure.-

ments of attenuation by jungles was the work of Herbsteit and
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Crichlow (1964). Lipp.mann (1965) mode)cd Herbstreit's experi-

ments in terms of a plane uniform slab. Jansky and Bailey

Engineering )ivision (Jones and Sturgill, 1965), conducted a

number of experiments in Thailand in 1965. Two of the earli-

est theoretical interpretations of the attenuation of signals

propagating cn-.ough a jungle a-.c the wcrk of Stci:ean and Taff.r

(1966) and Sachs (1966). Since then, a number of auithors have

considered the problem of calculating the lateral wave excited

by antennas in a jungle (Tamir, 1967; Wait, 1967a, 1967b, 1963;

Sachs and Wyatt, 1968; Dence and Tamir, 1969; Sachs, 1969). A

very early treatment of lateral waves and their relation to

other surface waves was the work of Tamir and Felsen (1964).

Recently, models of the jungle vegecation have been built and

model experiments have been conducted to complement actual

field measurements (Ikrath and LeMarne, 1971).

In this paper we derive expressions for the lateraJ wave

for - model of the foliage layer which can be as simple as a

single homogeneous isotropic slab or as complicated as an arbi-

trary nmber of homogeneous, uniaxial anisotropic layers. In

this analysis we ignore the Lncoherent or scattered-wave com-

ponent. Also, the expressions for a lateral wave excited by a

horizontal magnetic dipole (loop in the vertical plane) are

derived. A comparison of the model with Jansky and Bailey data

*1965) is given.
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II. AN EXAMPLE

In fig. 2 1': show the geometry and parameter values for

two antennas located in a thick forest with dense foliage at

the tree tops. Two homogeneous uniaxial-type anisotropic

layers that could account (crudely) for the tree-trunk orienta-

tion are assumed. The upper foliage layer is isotropic, the

lower tree-trunk layer anisotropic. The parameter values for

the foliage and tree-trunk region are taken from Smith (1969).

The model attempts to simulate the difference between the tree

trunks and foliage. The transmitting and receiving antenna

heights, together with the path length, were taken from Jansky

and Bailey data.

In fig. 3, we show a comparison of theory, as described

in this report, with a set of measured data selected at ran-

dom. The predicted and measured basic transmission loss, de-

fined as

Basic Transmission Loss =-201og 1 0 2E z/Eoi+2OlOg1(2k 0) , (I)

is plotted versus frequency in fig. 3. At 20 MHz, the predic-

ted and measured values ditfer by about 3 dB. As the freqtency

increases above 20 MHz, the ýference between theory and uea-

sured basic transmission increases to about 18 dB at

50 MHz. irom 50 MHz to 300 MHz, the difference between theo::y

and measured basic transmission loss remains constant and equal

to about 18 dB. It is interesting that the theory predicts the
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greater loss, since the theory does not account for any extrano-

eous losses. A possible explanation for the discrepancy be-

tween theory and measured data in fig. 3 may be that the mea-

sured data were taken with the receiving antenna located on a

tower in a partial clearing. At low frequencies a partial

clearing woula be indistinguishable to the wave from the jungle

itself. As the frequency is increased, the transition from

jungle to clearing is more abrupt. As the frequency is in-

creased still further, the loss will increase at a constant

rate corresponding to one term in the residue series represen-

tation for the field strength, E z. That is, for sufficiently

high frequencies, and z = h = 0

E
z 1

- 1 (2)
Eo ko0 p

In fig. 3, p is constant and equal to 1.609, and at sufficiently

high frequencies, Abecomes

r (3)

Substituting (2) into (1) gives

Basic Transmission Loss " 40log lf (4)

which is shown as 40 dB/decade in fig. 3. It is encouraging

that both theory and measured data obey the 40-dB loss per

decade principle. The fact that both fall off at 40 dB/decade
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seems t~o indir-ate the validity of the slat moclel ftr jungle

propagation.

Another possible explanation for the discrepancy between

theoretical results and measilred data shown in fig. 3 is the

choi-e of constitutive parameters in fig. 2. It mnay be a

different comi'ination of these parameters would bring the

theoretical results closer tr the measured data in fig. 3.

As parameters for modeling a jungle and the effects of

partial clear~ings are better understo~od, the slab model for

making path loss predictions will become more useful.
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Err 1 1.25, :vi =0.00025 mho/m 6

h Erhi 1i.25, ghi -O.O00025 mho/m 6

Erv, = 1.25, g v2 = 0.0.00025 nho/m 6.1m
Erh2zl'i , gh2=O.O001mho/m

Erg=15, gg=O.O3mho/m

r 1.609 km -I

Figure 2. Gometry and parameter values for fig. 3.
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TERR U." EFFECTS ON PROPAGATION

by

L. A. Berry and G. A. Hufford

I. INTRODUCTION

In general, techniques for predicting the eifects of irregular

inhomogeneous terrain ou radio prcopgation fall into onE. of two classes:

(I) theoretical, usually deterministic, formulaticns: and

(2) empirical or semi-empirical staiistical propagation

models.

In an earlier paper at this meeting, Dr. Wait discussed one class

of theoretical solutions involving paths whose terrain height and/or

electrical characteristics change abruptly. In the first part of this

paper, we show an integral equation for the attenuation function for a

wave traveling over generalized irregular, inhomogeneous terrain;

and show sample cal.:ulations of the effects for particular cases. In

the second part ot the paper, we describe the semi-empirical ITS

model for predicting troposph.;ric transmission loss over irrf-gular

terrain.

II. INTEGRAL EQUATION FOR PROPAGATION OVER
TRREGULAR, INHOMOGENLOUS TERRAIN

Huiford (195Z) originally developed a tractable integral e-1k,ation for

rad~io propagaticn over irregular terrain. The first numeri.-al calcula-

tion of effects of smooth hills on propagation were made by Berry (1967).

Ott (1971) derived the fbrm of the equation that was used to compute

the effects ilL'istrated in this paper.

1 - '.- 1
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The equation for the attenuation function, F(x), relative to attenua-

tion over a flat, perfectly conducting earth, is (Ott, 1971).

F (x ) -WIx , 1 fs eik , (x , s ) x - Y

*•b ,os,(X - y(s) ( (x ds
,~( -y ,o ,,. ,:)-[ •s) J~••l , st ar Is

1 r

where W(x, s, 6) is the Sommerfeld attenuation function for propagation

frorz x to s ove- a flat earth with surface impedance A;

y(x) i,- the terrain height at x;

X it the ra't±o wav#Ae -gth and K = Zrr/ X.

(, s y(s)) 2 + -ze' 2(W

Ar is the surface impedance at the t-ansr-itter, and A = A(s) is -he

variable surface impedance along the path.

The interesting thing about equation (i) is tLat the effects of terrain

elevation variation and g-:ound elt.:trical constants (implicit in A) awe

separately displayed. The terms inside the brackets labeled "l"

depend on the terrain elevation, y(x). If the terrain is flat, and the

same elevation as at the receiver, then both v' (s) and y(x) - y(s) are

zero, and the equation simplifies to the integral equation for propagation

over a path with varying larface impedance.

Similarly, the term labeled "Z" contains the effects of variations in

path electrical characteristics. If the surface inmpczdance is constant

I-M-2
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along the path, then the term labeled '2" is zero, so that for flat terrain

of constant electrical con'stants, the integrand disappears, and we have

the trivial result that F is the Sommerfeld attenuation function.

Ott (197 1) has validated the computer pro-gram implementing (1) by

showing that it computes the cc':"rect attenuation o-er a spherical,

finitely-conducting earth, and that it reopooduces the mixed path awtenua-

tion function for a smooth earth.

Calculations for ground wave propagation over ý smooth, but promi-

nent, hill show that the radio waves are focused on the front slope of the

hill, producing field strengths as much as twice that possible o%er a

perfectly conducting plane. On the other hand, there is a "shadow"

on the back slope of the hill, and then a partial recovery far beyond the

hill.

The importance of the terrain pro.i`e in mixed path problems can

be illustrated by computing the attenuation fanction over an island,

assuming first that the island is flat. This yielda the f .miliar three-

section, mixed-path result. Recalculation taking into account the

island' s elevation above sea level yields far different field strengths on

the island itself; and a smaller, but al.preciable, difference in field

strength beyond the island.

The integral equation calculation can be used to solve practical

antenna siting problems at HF. For example, an HF ground wave

radar antenna wa_. to be located on - beach vith a ridge about 1500 m

from the water. The question was, "Should the antenna .e installed

right at 'be water line to avoid the loss in propagating over the poorly

ccnducting sand; or should it be located on top of the ridge to achieve

height gain?" Calculations using the integxal equation showed that the

optimum location was part-way up the ridge' s slope, where focusing by

I-M-3
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the 3lope increased the field strength over the sea by about 4 dB above

that produced by an antenna right at the water' s edge.

So far, the integral equation has been used to analyze propagation

over irrgular, inhomcgeneous terrain at frequencies from 100 kHz

(Loran) to HF. There is no reason that it cannot be adapted to compute

attenuation over hilly inhomogeneous jungle terrain.

Ill. THE LONGLEY-RICE MODEL OF RADIO PROPAGATION

The second approach to terrain effects is the empirical one. Here

real life measurements are made the rule of the day. One says that

here are. the data and if you plan a system operating under similar con-

ditions then this is what you should expect. The joker, of course, is

tbe requirement for "similar conditions." Not only do systems seldom

operate under conditions that appear similar, but one does not even

know how to interpret the word "similar. " A proper. uiniversal,

approach must be only semi-empirical. It must collate all of the data

even though taken under a variety of conditions. And for the necessary

interpolation and e-xtrapolation to new conditions it must rely heavily on

whatever theory is available.

One reason to abandon attempts at theoretical predictions, at least

for frequencies at VHF and above, is obtained from a first cursory

look at empirical data. The property that immediately strikes the. eye

is the large variability involved. Under seemingly identical conditions

two measurements can differ by Z0dB or more. Even if transmitting

and receiving antem as are kept fixed, measured fields will vary in time

because of often undetectable changes in the atmosphere and in the

ground conditions. In the mobile situation a change of only a few feet in

one of the antennas can produce a very large change in the received field.

i -M 4
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Under these circm-nstances it is not correct to tell the systems

designer what the received field will be. One must tell him only what

it is likel-, to be. One mu-,t, in short, provide a statistical descrip-

tion - one which gives not only the ave-age field to be expected but

also how much above and below that average the field is likely to go.

One such description developed at ITS has come to be known as the

Longley-Rice (1968) Model of Radio Propagation. It cover. the fre-

quency range from 20 MHz to ZOGHz. It is a semi-empirical model

and is a judicious mixture of elementary theory, which detines possible

extremes foý the fields, and empirical formulas which inter, .'ate

br-ween those extremes.

The necessary input pararneters are fairly small in number. They

consist of thý- system parameters such as frequency, distance, and
antennas heights, of the radio meteorological climate irncluding the

minimum mean surface refractivity, of the ground constants and of a

single parameter which characterizes in a rough way how irregular the

terrain is. This parar.eter Ah is sometimes called tl-- terrain irregu-

larity faztoe. It is es.,en.ially equal to the interdecile range of terrain

elevations.

The body of data upon which the model is based is v-ry extensive

and covers a wide range of conditions. And the res .Jt3 ebtained frorm

the model seem entirely consistent writh this -data, ; think it fair to say

that this model is uxaique am, ongst both theorutical and empirical models

,-4 in the range of conditions for which ic is valid.

But this is not to say that it c',vers everyiLhDT;. Indeed we like zo

think that the modl', is in a continuous stat.ý of developen'mt ,n w.hich it-

accuracy is being improved and in which its range of applicability is

being e--tended. Recently, for example. it ha s been exten'ded to in,:lude
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ground wave elfects and so covers much lower frequencies at short

distances. Presently, we are engaged in a project which will try to

extend the model to allow one or both antennas to be right on the ground.

Other areas that the model does not cover include propagation in

urban environments and in forests, two areas that seem important to us.

Surprisingly, we have in our possession some valuable data taken in

forested mountains. It has been reported upon only in summary form

(Barsis. 1971) and hat- never been anialyzed in depth. We are hoping to

have the time soon o examine it more closely.
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RADIATION PATTERNS OF SEleCTED HF AND VHF ANTENNAS

MEASURED IN OPEN AND FORESTED TERRAIN

by

G.E. Barker

Stanford Research Institute

Menlo Park, California

Abstract

Measurements of the radiation patterns of simp]e 11F field-expelient

antennas (dipoles, monopoles, inverted L's, slant vtres, and loops) and

vertical and horizontal VHF dipoles were conducted using an antenna

pattern measurement system devplopad by Stanford Research Institute.

ViTe HF antennas were measured while situated over open (]evel) terrain,

in a temperate pine forest, and in a tropical dry evergreen forest. The

VHF antennas were measured while situated in a eucalyptus grove and in a

tropical dry evergreen forest. This paper summarizes the major results

obtained from the measureronts of the dipoles and monopoles at each

site, and intersite comparisons are made.

Introduction

Under the Southeast Asia Communications Research (SEACORE) Program,

Stanford Research Institute (SRI) measured the radiation patterns of a

number of field antennas located in simulated operational environments.

These measurements were perfoý-nied with the SRI-developed Xeledop antenna

measurement system.

The Xeledop system has been described in detail in open litcra~ure

and SEACORE project reports3-9 and it will be o,,ly briefly described here.

The measuremet systerr. employs (but not simultaneously) two aircraft-towed

XeleCDp is an acronym for Xmitting (transmitting) elementary dipole

with optional polarization.

J-N-1
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b•ultifrequency transmntters (approximat'ng Hertzian dipole(,s), special

purpose aircraf, tracking and guidance equipment, and calibrated receiv-

ing and recording equipment, as shown in Figures I and 2, to measure the

receiving patterns of antennas. (Reciprocity is assumed whet, measuring

the patterns of transmittlng antennas.) Two flight patterns and data

processing teehniques are employed: (1) two sets of orbits are flown at

sevcral elevation angles around the antenna to measure its horizontal

and vertical polArization response, and (2) a grid of linear passes is

flown above the antenna to de'ermine lis "power" response near the zenith.

The data from these neasurements arc processed on digital computers and

displayed as azlnu-hal equal-area projections of the measured antenna

patterns.

Measurement Sites

The antenna pattern measoremmnts were performed at four sites--three

of tnese sites were in California and the fourth was in Thailand. (See

Table 1.)

Biigh frequenct, (HF) measurements were performed over open. level

or gently rolling terrain near l.odi, Cali.fornia.3 There were no terrain

obstructions higher tijn a degree o. two in elevation relative to the

test ;ite for at least a half mile in all directions.

9F measurements Aere psrLcormed in a pz-ne tree farm located near

Almanor in Northern California. The trees, varying in height from 50

to 100 f-et snd in diamctcr fr.)m I to 13 feet, w,-re randomly spi'ced ap-

prox-mate]y 10 feet apart. Undergrowth was sparce piie saplings. The

anrtennas wvre erected in open zpaces in the forest at least 200 faet f.'oi

a snIall clearitg used for the r-aceiving van,

Initial VllF antenna pan e rn measurements were performed in "i

eucalyptus grove near Newark, Co'iifornia. The average height of tte

malurt, :roes wa,; approximately -5 feet.

2
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Both HF and VHF pattern measurements weie performed in a tropical

forest approximateIN 90 km southeast of Bangkok near the "-iiage of Ban
67

Mun Chit, Thpiland. This gently roiling h 11 country was originally

heavily foreoted but much of the forest has leen removed for commercial

and agricultural purposes The fore3ted area consisted of sceond growth.

The equipment %aF situated in a clear area fre, of undergrowth adjacent

to a moderately dense 'orest with an uneven, b'oken canopy. T'ree heights

were evtimatei to be 50 to 70 feet. Consideratle undergrowth reached

to a height of 20 to 25 feet. The ground was sandy and dry with good

drainage; littlc standing water remained after ieavy rains.

Measurement Antennas

Six types of antennas were meamured at HF .-nd Lwo types at VLF.

At HF, ?,/4 monopoles, balanced end unbalanced X/) dipoles, 2:1 and 5-1

inver'.ed-L's, 30-degree and 60-degree slant wire:, sleeve dipoles, and

a loop 4ntenna were measured. Simplified ditrp:'eme ý ttiete ant'.'nrs arc

shown in Figure 3. The HF antennas e ,e-siroe, at their resonant fre-

quency. At VHF, only balanced and unbalanced horizontal X/2 dipoles and

k/2 vertical sleeve dipoles were measured. The VHF antennas were measured

only at their resonant frequency.

Measurement Results

The first HF measurements, performed in open terrain, showed that

physical simplicity in antenna design does not intly electrical simpli-

city of the antenna. When the fiF ariteu.i-_ , rw r ured in Lie U.S

forest, signiiichn. changes Wee- '.otCd 1n ; hc rau,;,tjon pattef-,, o1 the

antennas measured above 8 Mhlz. The E (vertical pd)larization) pattern

of t0- monopole antenna was omnidirectional up to 5 MWz (the maximum

measurement frequency) in open terrain, but the azimuthal pattern became

quite broken uhen measured at, and above, 8 MHz in the pine forest. When

the ante:ina was measured in '.he Thailand tropical forest, it was observed

that the omnidirectional pattern of the anteana started to deteriorate

I-N-3
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for measurements at 6 and 8 MHz, but not as significantly as when

measured at the U.S. Forest iite. The 6 MHz patterns of this antenna at

the three sites is shown in Figure 4. It is also worth noting that the

elevation rngle of the maximum gain increased when the anteana was

measured at the forested sites.

Measurements were performed on an 8 MHz, X/2 unbalanced dipole

antenna at the three HF measurement sites. The classical dipole pattern

was observed over the measured elevation angles(approximately 5 to 60

degrees) when the antenna was measured over open terrain and the maximum

measured E (horizontal polarizatiort~anc E' (vertical polarization) com-

ponents were almost equal (EO/Ee = 0.5 d3).* The most significant change

observed in the Patterns of Liis antenna when measured at the forested

sites is that the gain at low elevation angles was greater (relative to

the maximurm observed gain) than when the antenna was measured at the open

site (see Figure 5), and this was true for both polarizations, although

more noticeable for the E, response. Figure 6 shows that this phenomenon

has been validated by mathematical models of dipole antennas in vege-
tain8,9,10

tation. 8,90 Similar results were observed !or a 6 MHz dipole antenna

measured in the ýorest and a cleared area at the Thailqnd field site.

At VHF, the effects of the forests on the antenna radiation patterns

became more pronounced. Preliminary measurements of VHF antenna patterns

were made in the Newark eucalyptus grove at 50, 75, and 100 MHz primarily
to verify the operption of the then newly developed VHF Xeledop system.

These measurements showed significant pattern perturbations to the %

patterns of vertical sleeve dipole and less significant disturbance to

the E. response of horizontal dipoles. (Examples are shown in Figure 7.)

This pronounced perturbation of the E% patterns wou:d be expected since

Note that the maximum Eb response is broadside to the antenna anu the
maximum Ea re6ponse is off the ends of the antenna elements. The ratio
of the maximum E, and Ee components is independent of the location of
these measured values.

I-N-4
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the grove was composed primarily of vertical tree trunks. The pronounced

variability of the recaived signal strength as a function of azimuth

angle observed in the~se measurements indicated that statistical tech-

niques would be required to 1.nterpret and understand the effects of

vegetation on VID, antennas.

The data resulting from tne VHF measurements performed in the

tropical forest in Thailand were processed sta'istically to derive con-

tour plots of the median measured signal strength, V , and to estimate

the standard deviat3on, 3% about these -medians. To evaluate the re-

peatability of the results the patterns of one of the antennas were

measured twice, on different days. The resulting patterns from the two

measurements appeared identical, and the maximum median gains were within

0.7 dB of each other for E and 0.5 dB for each other for E_.
0 V

Measurements of vertlical sleeve dipoles were conducted when the

antennas were located in the forest and in the clearing. The median

response of the antennas shows significant perturbations to the pattern

(see 100 MHz pattern of a sleeve, dipole in Figure 8). An estimated

standard deviation of 2 to 3 dB must also be added to the pattern shown

in the figure. When horizontal dipole antennas were measured in the

tropical forest, the median pattern was characteristic of that of a

dipole antenna (see 100 MHz pattern in Figure 9). The lobes of the di-

pole antennas tended to occur at higher elevation angles than when the

spme antenna was j.-ated in the clearing. Generally, the standard de-

viation was greater for " than for E, for a given antenna, and the

standard deviation of the E, response increased when the antenna was
I,F ~ moved from the clearing to the forest while the standard deviation of the

E. respoise decreased. Generally, there was not a significant increase

in the standard deviation as the measurement frequency increased from 50

to 100 NHz.

11 and a were calculated over 10-degree azimuth sectors of the data

resulting from the measurem:ent orbits.
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Summary

The Xeledop antenna pattern me~surement system has proven to be a

valuable aid in determining and understanding the operation of simple

antennas in forested enviropments. The use of the Xeledop has allowed

better documentation of mathematical models and led to techniques to

-cquire and consolidate large quantities of antenna pattern information

into meaningful forms. It is recommended that, if further work is con-

ducted in this area, further data be obtained to establish statistical

parameters for models of antennas in forest environments.

184<
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ANTENNA MLASUREMENT SITES

Measurement Forest Tree
Site Fiequency Type Height Undergrowth

Band

Lodi, California HF None 0 None
(open terrain)

Almanor, Cafifornia HF Pine 50 to Saplings
(U.S. forest) 100 ft

Newark, California VHF Eucalyptus 75 ft Poison oak
(eucalyptus grove)

Ban Mun Chit, HF Dry 50 to Dense vines
Thailand VHF evergree-l 70 ft to 20- or
(tropical forest) 25-foot--height

188
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ELECTPICAL CIRACTERIST CS OF EARTH MEDIUM

A presentation of the Electromagnetics and Systems Research Group,
Lawrence Livermore Laboratory. By R. Jeffrey Lytle

An overview of measire!ent techniques, measurement results, and factors
influencing the conductivity and dielectric constant of earth medium is
given. Application of these measurement tech0;iques to qeophysical
investigations is also discussed.
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ELECTRICAL CHARACTERISTICS OF EARTH MEDIUM

I. INTRODUCTION

The earth electrical conducti,'ity a and dielectric constant C can have a decided
effect upon the performance of electromagnetic systems. These parameters
in'.uence the choice of av'pnna, the antenna efficiency, whether a ground screen
4s needed and its size, the transmission loss and phase shift, the domninant path
of propagation, the effect of dispereion, hardening -onsiderations, the relative
communication efficiency, and envirormental effects, amonq other factors. Values
of a and e for a wide nurber of environments are hence needed in theoretical
assessments of system utility.

Examples of laboratory and in situ methods of determining a and E are given in
this paper. Some references describing the methods ire aiven, however, the
reference li,.t is not to be considered definitive. There are numerous other
references d&scribing these procedures which are not listed herein. For general
background information, a list of overview references (1-18) concerned with
electrical probing of the earth (with particular emphasis on methods of measuring
o and c and results for a and E) are oresented. A more detailed version of this
summary and an expanded reference list is given elsewhere (18).

The electrical constitutive parameters a and c depend upon frequency, water
content, temperature, geoloaical constituents, weatherinq factors, local anomalies.
and otner considerations. Due to the miyriad factors influiencing C and L, it is
preferrable to perform in situ measurements of a and E, rather than perfori
laboratory measurements on "representative samples" or to rely on "textbook
values". Hence, in situ measurement schemes, rather than laboratory measurement
schemes or "nominal values" for a and c are stressed in this summary.

In situ measurement schemes have the potential of prob .o t:e near surface, as
well as greater depths. These technicues thus can be used for deticting buried
objects, faults, and discontinuitie!s in addition to determining the ground
parameters. For examwple, these maIccLs have been used to determine tha location
of plastic and metallic pipes, the dcpth'of the water table, the location of
gravel deposits, identifying mineral nodule deposits on the ocean floor,
determining glacial ice depth, defining geothermal areas mappinq the boundaries
of buried salt domes, and locating -nderground chambers. In many situations,
large propagation losses or severe data inversion requirements preclude successful-
ly determining a detailed subsurface profile of a and c. Nevertheless, in situ
measurement schemes and data inversion methods do hold great promise in geoloay,
hydrology, mining, energy resource location and extent definition, and archaeoloqy
exploration, among others.

II. LABORATORY MEASUREMENTS

A. Bridge Methods

A parallel-plate capacitor is commonly used tu hold the right cir, 1r disc
sample of the material. This method has been used for frequencies c.' ,0-2

1-0-2
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to 10+9 Hz. Procedure, exist for accounting for the inductance and con-
ductance of the connecting leads. Mluch care has to be taken to insure a
good contact between the sample and the electrodes. Substitution tech-
niques with liquid irm.ersion rf the sanpl- e.tb'e one to attain hiqh accu-
racy for the loss tanoent.

B. Transmission Line Methods

A short circuited transmission line with the sample dt the erd ol the line
enables one to use standard impedance transformation formulae L evaluate
the propagation constant in the sample (which is related to the complex
dielectric constant of the sample). Electrode-sample contact problems can
be overcome.

C. Resonant Cavity Methods

A cavity resonator is convenient for dielectric measurements. Either disc
or coaxial rod samples may be used. The analysis is based upon the im-
pedance of the sample which is determined via the Q of the cav~ty, the
dimensions of the cavity, and/or the cavity transmission coefficient.

D. Scattering and Transmission Methods

The complex refractive index can be determined from comparisons of the
theoretical solution and experimcntal results for scattering from a spheri-
cal sample and transmission through a planar sannple. Extensive theoretical
results are available for these situations. Very accurate phase and
amplitude measurements are required. It is necessary that the sample be
penetrable (i.e., the transmission loss throuqh the sample should be
measurable). Non-unique solutions are possible but use of two different
size samples can overcome this difficulty.

III. SURFACE MEASUREMENTS

A. Power Reflectivity

Determination of the reflection coefficient at the ground surface enables
one to estimate a and c of the ground. This method is also useful for a
stratified medium with a low loss upper layer. Time oF a:-rivcwl medsure-
ments are helpful in determining the thickness of the upper layer, and
aLL-uuation measLrements are helpful in evaluation of th' condi.ctivity of
the upper layer. Surface roughness can invalidate th-s procedure.

B. Two Loop Method

Measurement of the mutual impedance between two loops above ground enables
one to estimate a and c of the ground.

Data interpretation curves (based upon Sommerfeld integrals) exist for
homogeneous and vertically stratified grounds. Models include both
conduction and displacement current effects. This mut3al impedance pro-
cedure has been used for ELF to HF. This method has a resolution problemswhen wo r>>a.

o cr
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C. Wave Tilt Method

The tilt of ar electromagnetic wave near the ground surface at a moderate
distance from the transmittee is simp', related to the local groune con-
ditir.-s.

'rh- eietur•ic fVeld vectcr traces out an ellipse as a function cf time at
the observ.ition point. By measuring the major and minor axis of t~e
ellipse, or the radial and vertical fields, the wave tilt can be aetermined.

D. Field Variation With Distance Methods

The theoretical dependence of field strength upon distance from the trans-
mitter is expressed in terms of the conductivity a Ln' dielect ic co:ds!,.t
c of the ground. Hence, for a reasonably nomogenec'is ground, knowledge uf
the field strength behavior with distance enables one to estimate the local
6 and c. Thecretical results now exist not only for a uniform flat eartl-
but for :;ertain inhomogeneous composition spat-ally 'dryirg terrains. A
,otable example of the app'ication of th.s technique -s trie effective con-
auctivity map of the USA estimated by observing th? f'ele. decay with
distance of US commercial radio station:.

IV DRILL HOLE MEASUREMENTS

A. Two Loop Methoas

The mutual impedance of two loops in an infinite uniform medium is dependent
upon the relative orientations, the separation distance, and the medium
.. ectrical parameters. It has been shown that under most conditions, the
mutual impedance of coaxial loops in a drill hole does not depend upon the
presence of the drill hole. Measurements of' Zmutual of two coaxial loops
in a drill hole, to determine c and a have been successfully correlated
with alternative ground parameter measurement schemes.

B. Surface-to-Hnle Methods

For a transmitter in a drill hole and a receiver on the surface or vice
versa, the field attenuation and phase shift between transmitter and
receiver are related to the , and E of the ground.

Knowledge of the qeometry o' •he situation, the patterns and impedances of
the tran~mittar crd receiver, ar-A ti,e input power level enables one to use
propagation models to estimate a ana E for the medium throuah which the
signal passed. Subsurface anomalies, particularly near the surface, can
have a decided effect upon the data quality. Signals from distant trans-
mitter can be monitored versus hole depth to ascertain the medium skin
depth. Tire of arrival measurements cdn bc used for low loss media to
determine c.

C. Hole-to-Hole Transmission Methods

For a transnitter in one drill hole and a receiver in a second drill hole,
or a second receiver in a third drill hole, there are a variety of methods

1-0-4
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of determining a and c of the intervening medium.

For the two drill hole situation,measurement of the absolute attenuation
and phase shift (for cw signals) or the time of arrival (for pulse signals)
enables one to evaluate c and c of the subsurface. Alternate nodes of
propagation (e.g., up-over-down and surface reflected) rather than te
direct mode can contaminate the data, however, these interference phenomena
cz.n also La used to determine the medium properties. For pulse excitation,
time of irrival measurements can be used to evaluate c and to differentiate
relative mode levels The hole-to-hole method is not useful in media with
hole separati'ns of many skin depths. For the three hole situation, the
differential paase shift and differential attenuation between two receivers
enable one to estimate a and c. The measurement accuracies are not as
severe for the "hree hole situation as for the two hole situation, however,
the extra expense of thR third hole may not be jistified.

V. MODEL MEASUREMENTS

in vnrious cses, experimental data for validating theoretical calculations
(and the associated measurement scheme) or experimental data for testing the
feasibility of a measurement scheme is difficult to obtain for a number of
controlled situations. For example, varying the in situ water con~tent, the
salt content, the tide level, the geologic constituents, and the ger,metric
locations of transmitter and receiver may be exceedingly difficult, time con-
suming, and Pypensive to perform wiTn fuli scale in situ measurements. In
addition, it may be difficult, time zonsumini, and expensive to obtai- -.urerical
results for a theoretical model of the physical situation. When these situ-
ations occur, it is sometines aseful to perform scale model experiments. This
can be a difficult task for a homogeneous medium, and even more difficult for
an inhomogeneouF medium. Nevertheless, models for complicated media have been
constructed and led to useful results. This method haz hala extensive use in
determining the effect of subsurface anomalies on surface measurement schemes.

VI. SAMPLE 37SULTS FOR c AND e

T',re are numerous resilts for c and c of earth materials under a variety of
conditions. Factors which have a decided influence upon a and c are the
frequency, the water content, the geological constituents, temperatue, weathering
factors, and local anomalies, among other factors. "Nominal" results for commonly
encountered media can be locked .p i, tables, however, these numbers should be
used with discretion. Due to the vaiability of c ind , from site to site and
with environmental factors, it is prudent to determine E and a for a particular
site rather than re'y on "textbook" values.

It is impossible to briefly sumrarize the wealth of results for a and E o' earth
medium. The reader is referrcd to the references (1-18) for details. Let it
suffice to say that a (s) typically increzses (decreases) with frequency. Bott,
a and c nowinally increase with water content. A relative ranking of terrair
types, with the ones with a larger c and c values listed first, is: sea water,
moist ground, mediur moist ground, rocky ground, sand, dry sand. Typically,
the higher the temperature, the larger a and c.

1-0-5
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VII. APPLICATION OF MEASUREMEPT TECHNIQUES TO PROFILE DETERMINATION

The problem of determining the subsurface profile of a medium (by measure-
ments performed on the surface and/or in drill holes) can be designated as
the inverse scattering or inverse transmission problem. The mathematics
used to solve electromagnetic ground parameter profile problems also arise and
have been used in a number of other physical situations. For examole,
ground based and sa-fllite-borne remote probing systems are used in atmo-
spheric physics probing techniques based on inverse scattering and inverse
transmission data reduction --ethods.

Measuremeift methods wiich hdve been applied to determining subsurface electri-
cal parameter profiles irclude four probe (for mineral exploration, location
of salt domes, identification of gravel deposits or mineral nodules on the
ocean floor), two loop mutual impedance (for detection of buried objects,
dptermining the depth of permafrost), wave tilt (for def-ning gravel deposits),
and multiple mode interference phenomena (fo' determining depth of the water
table, the electricdl parameters near the surface of the maon, loc'ting sub-
surface anomalies surrounding a drill hole, for determining glacial thickness),
among others.

Much consideration has gone into data reduction procedures to bT used to invert
the "inverse data". Procedures which have been successful include least square
matrix methods, parameter optimizaLion techniques, iterative approaches, and
pertturbation mathods.

-1
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A summary of wire antenna computer modeling is given with emphasis
on the interface problem. The formulation and numerical solution
methods are summarized and applications demonstrated with numerous
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COMPUTER MODELS FOR ANTENNAS

SINTRODUCTION

Numerical methods based upon integral equation formulations are
receiving increasing acceptance for application to real-life electro-
magnetic radiation and scattering problems. Computer coeles have
been developed and validated for both surface and wire geomnetr.ees
in bot! the frequency and time domains for modeling infinitt., homo-
geneous medium prOblems. Some of these basic procedures have
also been extended co the analysis of structures located near a
planar interface. In this presentation we will discus. the general
topic of computer models for wire antennas from a frequency
domain viewpoint with emphasis directed to antennas located near
the ground-air interface. Some preliminary considerations are
discussed in Section II below, followed by a brief summary of a
specifi. formulation and numerical treatment in Section IMl, with
c-amnple numerical results given in SecLion IV.

H. PRELIMINARY CONSIDERATIONS

The derivation of an integral equation for a wire structure can be
accomplished in many ways. What is basically involved is the
w:riting of Maxwell' s Equations in integral form so that the scat-
tered or secondary fields are given in terms of integrals over
induced source dist•--ibutions. By expressing the secondary field
over loci of points where the total field (incident or primary plus
secondary) behavior is known via boundary or continuity condi-
tions, an integral equation for the induced source is obt ained in
terms of the primary field. Two broad general classes of integral
equations are obtained, dcpeitdiug upon whether the forcing func-
tion (primary field) is electric or magnetic. The former gives
rise to a Fredholm integral equation of the first kind, so called
because the unknown appears only under the integral. A Fredholm
integral equation of the second kind, in which the unknowtk also
appears outside the integral, is obtained from the latter. While
derivatives of the unknown may occur as well, these equations
are commonly called integral equations rather than integro-
differentia ecuations ad would be strictly correct,
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Generally speaki.ng, it has been found t.at the magnetic-fiela type
integral equation is better suited for sr,.ooth, closed surfaces than

it is for thinplate or shell geometries and wires (Poggio and Miller,
1973). The converse is g.nerally true of the electric-field type

integral equation. It is the latter then that is most commonly
employed for treating wire structures. Also involved in develop-

ing wire integral equations are the approximations that: (1) the

circumferential current is negligible; (2) the circmirnferential

variation of the longitudinal current can be ignored; and (3) the

thin-wire or reduced kernel can be used in place of the actual

surface integration.

Many analytically equivalent integral eqtations for wires based
upon the electric-field can be derived. Three of the most :ora-

monly employed are the Hallen or vector potential type, (Mei. 1965),

the scalar-vector potential version (Harrington, 1968), and the

Pocklington integral equation (Richmond, 1965). Al! are solved
witrin the framework of the moment (oy matrix) nrethod but each

exhibits distinctive characteristics which must be taken into

account in its n~imerical treatment. The Hallen equation for

example can p:-oduce results using a pulse current basis of accu-

racy comparable to those obtained from the Pocklington equation
solved vith a three term (constant, sine and cosine) basis for
simnple structures (Miller and Deadrick, 1973). The Hallen equa-

tion is not however, readily extendable to the complex geometries
that the Pocklington equation can handle (Butler, 1?72).

It can be appreciated that there axe many options ava, lable to the
analyst concerning the integral equation to be selected and its

numerical treatmunt in developing a computer model for applica-

tion to wirc antennas. A brief overview of the relevant equations
and numerical treatment used for free space and various inter-

'ace theories and some special topics is given in the next section.

III. WIRE ANTENNA ANALYSIS

A. infinite Homogeneous Media

The Pocklington-type integral equation for a wire structure
-if contour C(r) can be expressed in the form

S. F%) f( I(s')Go(s,s')ds'; sCC(r), (1)

I- -
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Reduction of this eqaation to matrix form involves: (I) approxi-

mating C(r) as a piecewise linear sequence of N segments of len, h
N

A., il ..... N, so that C(r) - Z. A. with 9. the unit tangent vector
i=-

to C(r) at r r. (use of straight segments is not mandatory, but
1

very convenient in simplifying the current integration); (Z) intro-
duction of tbe subsectional bases Ii(s') = A. + B. sink(s' -s.iI +

C. cosk(s' -si) to represent the unknowvn current [the final unknowns

will be the N sampled current values I. = A. + C., i ,.... N at
1 1 1

the center of each if the N segments]; (3) a cuCrent interpolation
procedure whereby the individual A., B., and C. constoats are
expressed in terms of the sampled current values; (4) use of the
N delta function weights 6(s-s.), i=l,...., N to obtain an Nth order
impedance matrix of N independent field equations; [note the
weight functions sample the field at the segment centers, and are
thus "collocated" with the current sample locations 1; (5) specifica-
tion of the N incident or primary field vector ccmponents
E = El(si)" &, i=l ,.... N which are the tangential fields at the N

segment centers; (6) matrix mauiipulation to obtain an admittance
equivalent of tho impedance matrix; and (7) computation of the
current distiibution and whatever field components, if any, are
desired. The total computer solution time is well approximated
by ANZ + BN3 where the " term corresponds to step 4 and the
"B" term to step 6. For the code unde4I consideration here and

for a CDC-7600 computer, A s4 x 10- and B _ 2 x 10-6 seconds.

B. Perfectly Conducting Hplf Space

Equation (1) as written applies to wire structures excited ?1s
antennas or scatterers and located in infinite, isotropic. homo-
g'-eneoub media of arbitrary (possibly lossy) permittivity and
i:ermeability. Its extension to permit the modeling )f magnetic
or electric image planes is easily accomplished, For example,

the perfectly conducting ground analog of Equation (1) is, for an
antenna elevated above a ground plane at z=0,

SKE5 (s) = 1 f As'4) [G 0 (ss') + G(s, s'*) ds' (2)
4T C 0 )
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C. The Imperfectly Conducting Half Sp-ce

A problem which is njt so computationally simple to handle,
howevvr, and one which is of perhaps greater practical interest is
that of an antenna located (buried or elevated) near the ground-air
interface. This is a topic of considerable longevity in electro-
magnetics; a formal solution was w6rked out for this p-oblem in
1909 by Sommerfeld. The numerical complexity of evaluating
the Sommerfeld integrals (which appear in the integral equation
kernel) for arbitrary source and observation point locations and
ground paramete's however, have prevented the Sommerfeld
theory from being routinely used for such problems. Consequently,
while progress in applying the Sommerfeld theory has been achieved,
alternative approaches to the antenna-ground problem have- also
been pursued. A brief discussion of these various methods is
given belrw.

1. The Sommerfeld Theory

Details of the steps in deriving the Sornmerfeld integrals
may be found elsewhere (Sommerfeld, 1964). Here we
will simply write one version of Equation (1) which accounts
for the interface reflected field via tne Sommerfeld theory;
alternative forms are also available and differ essentially
in how the perfect-ground imnage terms are handled. It is

•.•(S) = 1 ] I(s' ds' G0(s. s'I) + G.(s, s'* (3)
=4T f 1

C(r)

+ (cos B + .. sinS' 3 Cos 0' gS. sin gHz "os8gvz

+ sin S' in 0 cos(a-a') k Z
2 Ss~t grt

The Sommerfeld integrals are denoted by GHz, etc.

The presence of the doL.ble integral in Equation (3), particu-
larly the Sornnerfeld portion, makes it quite time consuming
and sensitive to evaluate. In spite of that, the basic moment
nicthod can be used to solve it, but in addition to the usual
constraints imposed ont current sampling, it is necessary to
take into account the source distance from the interface.

l4--S
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2. Modified Image Theory

In many cases, although they may not apriori oe always easy
to identify, the rigor represented by Equation (3) is unnecee-
sary;" various approximatioiis will be found adequate. The
accuracy actually required of the computcr model may be
debatable, but :t is probably reasonable to seek something on
the order of experimental error. One approach which has
been found, for simple antennas, to agree within 10-15% of
the Sonmerfeld resuits for input impedance, and so which
appears useful in view of the abcve observation, is the reflec-
tion coefficient apprr.:-imation (Miller et. al. , 1972a, 1972b).
It involves represen-ing the interface-reflected field in terms
of their perfect-grotnd images multiplied by the Fresnel
plane wave reflectior. coefficients for the TE and TM field
components evalumL.,A 't the specular reflection point. This
approximation lea,-'s Lu the integz'al equation given below.

F (s) = 4Tlls') IG0l(s,s') (14)

C(r)

+ RMG.(s,st*)

+ (R- RM)sin$ sin$' sin(cp-a) sin(co-a' )g.(r, r'*)lds'

where RE and RM respectively are the usua! TF and TM
reflection coefficients.

(Although :ýitten expressly for the reflected field, an expres-
sion similar to (3) and (4) also holds for the field transmitted
acroes the "iterface. ) Since the reflection coefficient integral
equation differs only trivially from that f _ the perfect ground
case given by (2), it may be appreciated that its numerical
solution is obtained with almcst equal efficiency, in marked
contrast to the situation which holds for the rigorous theory.
The reflection coefficient approximation is, in addition,
applicable to a laterally inhomogeneous ground wvith little
further complication. Layered grounds can .o be handled
using this approach.

i-P-6
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3. The Compensation Theorem

Application or the compensation theorem to ground-plane
problems has received considerable attention (Monteath, 1951;
Mittra, 1961; King, 1969b). It has been used to determine
the ir-put impedance of vertical monopoles located over various
ground configurations, including determining the effect of
ground scrýeen size. However, more general antenna prob-
lems h..',,e evidently not been attempted with this theory.

The reF.:,,i frc this lies apparently, not in limitations inher-
ent in ,. e tý,. ory itself, but in its numerical implementation.
A ground plane integral is involved, which, for all but the
simptcst situations, requires numerical evaluation.

Th:! compensation theorem "is essentially an exact perturba-
tion technique in which the fields in the unperturbed state
are known" (King, 1969b). If the unperturbed state is the
case of a perfectly conducting ground plane and the perturbed
ý rate is the actual ground problem of interest, then we obtain

for the antenna input impedance.

z, =Z+ I f x- xftda
IA

with perturbed quantities denoted by prirnes and I the feed
point current. Since the perfect ground magnetic field dis-
tribution can be accurr.1=y -solved for, evaluation of Z'
hinges on finding E', This is usually accomplished by using

the surface impedance approximation, i. c. V = -H' Z
tan tan surf

and then assuming HII Ht. These steps facilitate the
tan tan

calculation and per'rit use of the perfect ground result as a
,ort ci canoni.zal solution to find the antenna impedance !or
cb 1 finitely conducting ground.

4. Geometrical Theory of Diffraction

The Geometrical Theory of Diffraction (GTD) does not have
obvious application to antenna-ground problems. There are,
however, two areas where GTD may be beneficial: (1) ground-

screen adge effects (diffraction) on input impedance and low
angle radiation; and (2) effects of large scale terrain varia-
tions, e.g., diffraction at a cliff. Application of GTD to

I-P-7
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both areas has been studied by Thiele (1973). His approach
was to comrbine 3TD with the moment method to find the
effect of the adg! diffracted field on the current distribution
of a monopole antenna located on a wedge. This leads tp an
integral equation modified from that for free space by
inclusion of the diffracted fields, given in terms of the
antenna current in the total tangential electric field on the
antenna. Thus, no additional unknowns are involved. The
far-field is treated in a similar manner. Results obtained
to dace are encouraging, although use of the 'echnique to
analyze a real g round screen awaits derivation of diffractiou
coefficients for a perfectly conducting half-plane lying on a
lossy interface.

D. Special Topics

In addition to the above topics, there are other problem areas con-
,.erning wire antenna computer modeling that deserve attenticiA.
Some of them are summarized here.

1. Impedance Loading

1. many cases of interest, the antenna may be connected to
impedance loads of various kinds, or may even itself be
lossy enough that it cannot be accurately modeled as being
Pe.i.ec-- ctl ch-'-ing. These situations can be accommodated
in the computer model by subtracting an appropriate voltageL(L) (L)

drop Z. I. from the source term E., where Z. is theij 3 1 iI

load impedance. When there are no mutual impedance
effects, such as due to transformer or transmission line

(L) (L)
interconnection, for example, then Z.. = 6.. Z.. , i.e.,

13 13 13

the Z matrix becomes diagonal. Lumped loads are simply
specified in terms of their resistive and reactive components.
Their treatment is similar to that accorded sources, since
the two can be viewed as mathematically equivalent. Distrib-
uted loads which might be used to model wire losses, can be
derived from the wire properties (Cassidy and Fainberg, 1960).

I-P-8
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2. Sheathed Wires

Another problem of relevance, especially for antennas
located in lossy iredia such as ground or sea water, is that
of a wire coated by a dielectric layer. It has been suggested,
but not demonstrated, that the sheath could be modeled in the
same way as a lossy wire, by a suitably derived impedance
load (Miller, et. al., 1970). An alternative, more rigorous
approach has been taken bjr Richmond (1973) who models the
sheath with a radially directed polarization current, reason-
ing that the tangential field, being much smaller, is by com-
parison of negligible inport. Since the radial sheath fields
which determine this current are lmowi in terms of the charge
density o7 the wire, no additional unknowns are introduced.
One simply cbtains a modified integral equation which can be
solved in the usual way.

3. Time Lomain Analysis

Previous discussion has dealt exclusively with frequency
domain formulations. It is worthwhile to point out that these
problems can also be attacked from a tim6-dependent or time
domain viewpoint (Bennett and Weeks, 19068; Miller, et. al,
1973a, 1973b). As one outcome of such an eff-3rt, there can
be derived time-depindent integral equations which corres-
pond closely to their frequency domain counterparts. The
solution procedure, while also de eloped from the moment
method is significantly different ir. that a solution is obtained
as an initial value pi .)blem via tirnc,• stepping. This leads to
results which are valid for only a single incident field or
source configuration but over a bz,ý,i- of frequencies, in con-
trast to the more familiar frequency domain approach of
which the converse is true. Solution may consequently be
obtained more efficiently in the time domain than the fre-
quency domain for certain problem types, especially for
wire structures analyzed as antennas.

4. Ground Screens

The compensation theorem has been employed in various ways
F to analyze ground screen effects as mentioned above. The

reflection coefficient approximation has also been used tor

I-P-9
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this purpose. It offers an easily implemented procedure
for analyzing a broad class of ground screen configurations
with greater efficiency than available in general from the
compensation theorem.

What is essentially required in order to include the ground
screen influence in the reflection coefficient calculaticn is a
modified reflection coefficient which takes into account the
reflecting properties of the screen-ground combination.
This is possible if the surface impedance of the combination
is known. For ground screens whose wires are in good
ele :trical contact with the soil, the effective surface imped-
ance Z I may be taken to be (Wait, 1969)

Z Z

Z surf screens ur f - Z s u f + Z s r esuf screen

where Z is the screen i.Lpedance. For a radials creen
screen having N wires of radius a, the screen impedance at
distance p from the center is given by (Wait, 1969)

Z A-1 'Pp n foIAa)
,creen It

A corresponding formula for a parallel grid of wires whose
center spacing is d is

Z ti••- n (d/ Zwra)
screen w Z (

Meshes consisting of locally orthogonal wires having different
spacings might be treated as anisotropicaUy conducting plates

r4 whose principal direction impedances are obtained from the
paralleiwire formula using their corresponding spacings.
From Z' we infer an effective ground permittivity for

8 urf
use in computing the Fresnel reflection coefficients, and are
thus able to include the screen in the integral-equation cr1-
culation. The anisotropic case requires decomposition of
the TE and TM fields into components along the orthogonal
screen wires. Note that this method fails for vertical
antennas located at the center of a radial screen.

I-P-10

, -214'



An alternative possibility is offered by the work of Astrakahan
(1964) who derived reflection coefficients for infinite plane
wire grids. His results, given in terms of TE-TE, TM-TM,
TE-TM, and TM-TE reflection coefficients can be modified
to include the effect of the ground itself and used in the
reflection coefficient approximation. Of the above, only the
radial-wire screen analysis has been implemented.

5. The Layered Ground

Reflection coefficients are of course available for a layered
ground. For the special case of only two layers, and where
the surface impedance approximation holds, the effective
surface impedance is given by (Wait, 1962)

• + i.F. tan khjýy
~surf " Zsurf + iV, tan kh /-

with e1 and c the relative permittivities of the two layers

and h the thickness of layer 1.
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I INTRODUCTION

Newly designed tactical communications equipment is usually field
tested to determine its performance during operational conditions. Such
field environments may involvs tropic, arctic, desert, mountain, and
other worldwide areas. Implementation of such tests incur considerable
expenditure of time, manpower, equipment and personnel inconvenience,
especially when operating in adverse areas.

The U. S. Army Electronics Command (USAECn) has recently developed a
Tactical Channel Simulator (TCS) that recreates in the laboratory the
signal effects that tactical VHF channel transmissions experience during
actual field operations. Such effects as signal dispersion, fading, and
noise are characterized by the simulator.

At USAECOM, the TCS has become a tool for laboratory evaluation of
VHF communications equipment. It is being used to compare the performance
of various modem designs for operation in upecific propagation environments.
Not only does this fncility enable designs to be optimized on an iterative
basis, but the work can be done without the delay and high costs associated
with extensive field testing--and the results are available immediately.

II. SYSTEM DESCRIPTION

fhe TCS system operates xn the VHF range of 40 F!z with a bandwidth
capability of 100 KHz. The system consists of a prober, an analyzer, and
a simulator. The prober generates and transmits pseudo-random impulses;
the analyzer receives, -naiyzes, processes, and records on tape the impulse
channel response(time-varying parameters)of the transmi3sion channel.

The tape is then used with the channel simulator in the laboratory to
reproduce the recordei channel characteristics. Signals from the communi-
caeicns system under test are also fed into the simulator and the resultant
channel effects determined. Both digital and analog type signals can be
accommnodated.

The prober and analyzer are used duriNt field operations to make the
tapes. Once accomplished, only the simulator and the tapes are needed for
channel reproduction. The basic element of the TCS is a tapped delay line
and associated circuitry. The delay line contains 9 incremental elements
of 3.3 microseconds each. Selection of various delay tap combinations are
made to correspond to various multipath conditions.
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The gain from each tap is controlled by the channel impulse response
recording which contains the channel disturbance characteristics. The
resulting signal from the simulator therefore incorporates the same
channel disturbances.

Perturbations may also be introduced into the channel, such as:

A. Doppler shift as caused by an airplane flying in the propagation
path.

B. Phase Jitter.

C. Additive noise.

The simulator can provide either a fixed multipath structure or the
variable structure from the recorded tapes. The fixed multipath is
introduced by manually setting front panel switches. Figure 1 is a
picture of the channel simulater. Figure 2 a simplified block diagram
of the simulator, showing its major functions.

III. LIBRARY OF TAPES

At present, USAECOM has a library of 16 stored channel tapes that
represent 3 general environments:

A. Steep rolling hills, mostly wooded with some clearing of the
slopes for pasture. Practically no moving vehicles or aircraft were in the
vicinity during the tests.

B. Mild rolling hills, with rather dense, second growth woodland.
rte s.tes were adjacent to roads that carried :onsiderable auto and truck
traffics, with commercial aircraft present ;ccasionally.

,. Light to medium residential areas, with farmland and woods;
con.-idftr,.')le vehicular and aircraft traffic was present.

Path distances varied from 5 to 25 miles. Each tape corresponds to 30
minutes of operation.

It should be remembered that the simulation capability is primarily
limited by the librarv of tapes that characterize the ',arious real-life
media and conditions.

IV. TESTS

Laboratory and field tests have confirmed the capability of the channel
simulator to repeatedly reproduce selected transmission chaniml effects,
both statically and v*th recorded tapes.

I-Q-2
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Figures 3 anc; 4 demonstrate the performance of the simulator.
Figure 3a shows the frequern-y spectrum of the channel simulator output
signal when the simulator iq fed with pseudo-random impulses from the.
prober wi.th no delays; this is equivalent to a "no-multipath" condition.
Figure 3b shows the resulting multipath when delay is introduced, Figure 4 a
shows the simulator output when fed with signals from the Army'e AN/VRC-12,
a tactical communication transceiver, and incorporating no delay. Figure 4b
shows the multipath effects with delay. During normal simulator uperation,
however, the individual tap gain and phase variations are controlled by the
channel tape recordings.

V. PLANS

Plans are currently underway to extend the TCS capability to include
UHiF frequencies. The tape library will also be increased by repeati.ng at
UHF frequencies the field tests that were performed earlier at VHF.
Additional tests will be made with one of the terminals in a moving vehicle
on the ground.

VI. PARTICIPATION OF OTHERS

It is unfortunate that the TCS was unavailable when the SEACORE field
work was being doae--the most complete collection of tapes that character-
ized the SEA propagation environment could have resulted.

For the Channel Simulator to be used extensively by engineers in the
design and evaluation of communication systems and techniques, a greatly
expanded tape library is required. This family of tapes should include
jungle and tropical areas, desert, arctic, urban, rural, and involve
ground-to-ground, air-to-ground and other propagation modes.

An invitation is extended to organizations desiring to use the Tactical
Channel Simulator facility, and to also participate in efforts to expand
the tape library. This is extremely important, since ECOM cannot do it
alone.

The TCS system was accomplished throubh the efforts of Mr. Bernard
Goldbr-e --ad his statf at USAECOM working in conjunction with the

Signatr.t Corporation.
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FREQUENCY SPEC'".RUM

OUTPJT Or TACTICAL CHANNEL SIMUIATOR
(PROBER FEEDING SIMWJATOR DIRECTLY)

(a)

USING TAP I ONLY - (SINGLE PATH EQUIVALENT)
(SCAN WIDTH =5 KHz./DIV)

(VERTICAL CALIB = 1ODB/DIV)

II

(b)

USING TAPS 1 & 2 (MULTIPATH EQUIVALENT)

FIG. 3
I-Q-6
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FREQUENCY SPECTRUM
OUTPUT OF TACTICAL CHANNEL SIMULATOR

AN/VRC- 12 F`EEDING SIMULATOR

USING TAP 1 ONLY -(SINGLE, PATH EQUIVALENT)
(SCANi WIL'TH = 5vHz/DIV)

(VERTICAL CALIB = 10 dB/DIV)

(b)

USING TAPS 1 & 10 -(MUL.T~PTR;T EQUIVALENT)

FIG. 4
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Considering Forest Vegetation as an

Imperfect Dielectric Slab

Alfred H. LaGrone

A study was conducted by Pounds and LaGrone (1963) to determine

the feasibility uf modeling a forest by a lossv dielectrc slab. The object

of the study -'as to provide a mathematical model whereby the effects of

the forest on the propagation of electromagnetic waves into and through

the forest could be determined. The model of the forest was obtained by

describing the forest as a dielectric mixture. The theory of artificial

dielectrics (Kock, 1946; Kock 1948) was used in obtaining the real and

imaginary part of the dielectric permittivity.

Considerable attention was given to the development of a statis-

tical description of a fully stocked, moderately dense, even-aged forest

stand. These statistics included such things as the number of trees per

acre, average diameter at breast height, basal area per acre, average

heights, estimated or measured volumes of wood and bark per acre as a

function of age and characteristics of the site. A description of the foliage,

including such things as shape, size and some variations from species to

species was dev:eioped. The electrical properties of wood, bark, and

leaves were reported.

I-R-1
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In developing the mathematical model of the forest, tree leaves

were considered as conducting bodies; bark and wood were treated as di-

electric bodies. From dielectric mixture theory, the dielectric constant of

the forest was calculated. This gave the real part of the complex permit-

tivity. The imaginar-y part of the complex permittivity was determined from

loss measurement reported by LaGrone (1960). The final electrical model

was then described by the complex permittivity e where

e = e' - je" = (1.2370 -J 9.06x 10.9) Ca

References:

Kock, W. E., 1946. "Metal Lens Antennas," Proceedings of the IRE,
Vol'. 34, pp. 838-836, 1946.

Kock, W. E., 1948. "Metallic Delay Lenses," Bell Syctem Technical
journal, Vol. 27, pp. 58-82, 1948..

LaGrone, A. H., 1960. "Forecasting Television Service Fields," Proceedings
of the IRE, Vol. 48 (6), pp. 1009-1015, 1960.

Pounds, D. J. and A. H. laGrone, 1963, "Considering Forest Vegetation
as an Imperfect Dielectric Slab," Electrical Engineering Research
Laboratory, Report No. 6-56, 1963. National Technical Information
Services, AD-4.i0 836.
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"A NOVEL GRAPHICAL TECHNIQUE FOR

SPECTRUM UTILIZATION/CC•.MJNICATIONS PLANNING"

By: P. H. Levine and T. C. Larter
(Megatek Corp., Harbor City, 'California)

and
J. M. Horn
(NELC, San Diego, California)

ABSTRACT

This paper describes a new technique whereby the comnanications
power budget is divided into equipment-dependent and equipment-inde-
pendent terms thereby permitting non-teciLical personnel to rapidly
determine the adequacy of a given piece of comunications gear for a
specified mission. Optimization of frequency selection is achieved
by means of a simple transparent overlay-characterizing effective
radiated power vs. frequency for the equipment in question.

I. INTROIUCTION

In a recent study (l)of Naval Inshore Warfare (NIW) communications
requirements, it was found that a need exists for simpler techniques
of translating analysis of radio systems performance into useful tools
for mission communications planning. In particular, planners must be able
to rapidly assess the adequacy of given pieces of communications gear
for specific missions in order to minimize the size/weight burden placed
on field personnel.

A no rel graphical technique was discovered in the course of this
study which has already proven quite ustl 'ul to the NIW commnnity. Since
it is felt that this technique is generally applicable to coumnnica-
tions planning, it may prove of value in -the practical implementation
of the quantitative understanding of antenna and propagation effects in
forested/veqetated environments which emerge from this workshop.

II. OUTLINE OF TECHNI(M

In order to facilitate rapid assessment of the utility of a given
piece of conmunication equipment in a specified tactical situation, it
will prove convenient to divide this evaluation process into two distinct
steps:

I-S-1
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Step 1: deten.,ne how much power would be required to communicate
over the desired distance assuming the receiver/transmitter
combination (and associated antennas) to be of some con-
veniently defined standard configuration.

Step 2: deternine for the specified equipment in question whether
the actual radiated power exceeds the required power by a
sufficiently great margin to allow for: (1) uncertainties
in the assumed values for the communications model (e.g.,
antenna gains, noise power, basic tra mission loss, etc.)
arnd, (2) differences between the act I equipment and the
standard configuration assumed in Step 1.

The value of this approach is that the Step i analysis, being
independent of equipment specifics can be performed once and for all for
a given tactical environment. Fmbodying as it does the consideration
of external noise and basic transmission loss--usually the most analy-
tically complex of the communication model parameters--it saves unnecessary
renetition of such calculations when evaluating several pieces of equip-
nent for the same commuications role.

The "standard" configuration assumed in Step 1 is defined as follows:

(See figure -1.)

a. type of modulation: voice, Double Side Band AM (DSB-AM)

b. noise limiting: none

c. receiver noise: none

d. transmitter and receiver antennas: standard (vertically polar-
ized) isotropic antennas located at the earth's surface

e. grade of service: just usable quality (90 percent sentence
intelligibility)

f. transmission line losses: none

The transmitter power required for com ication over a ground range
* D under the above conditions is determined from the -quation:

PT-LB(D)-N1 = (C/N1)DSB-AM 1)
90%

where:

SPT = Transmitter power in dBW
LBCD) = Basic transmission loss (for the type of

propagation and terrain under consideration)

at distance D in dB

I-S-2
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(U) Figure I. Communication system model.
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N. = Noise power density (i.e., noise power in a 1 Hz
i band) at the receiving antenna terminals in dBW/Hz

(C/N1 )90 = Carrier to noise power density ratio in dB-.Iz re-quired to provide 90% sentence intelligibility in
a DSB-AM receiver under stable (i.e., non-fading)
propagation conditions

Renardng PT the '"required effective radiated power" (RERP) we have from 1):

RERP in dBW = (C/NI)90% + LB()+Nl 2)

Once the desired propagation path and the noise environment have been
specified, the required effective radiated power as defined in 2) becomes a
function only of the carrier frequency.

The actual commnmnications system under consideration (see figure 1) will
in general differ in its characteristics from the "standard" configuration
assumed in the definition of the RERP. It will not, therefore, suffice to
merely compare the actual transmitter power with the RERP in order to determine
whether or not the actual system is acceptable for coimmnications, since the
specific deviations from the "standard" configuration must be explicitly
taken into account.

To accomplish this, we define the "actual effective radiated power" (AERP)
as follows:

AERP in dBW = p AT GAR- PL,- PLR + GSp = NR 3)

where:

pa = actual trarLsmtter power in dBW

GAT = actual transmitting antenna gainr it direction of propagation
path to received in dB atoe isotropic

GAR =actual roceiver antenna gain in direction of propagation path
to transmitter in dB above isotropic

PL;PLR = transmitter, receiver transmission line losses in dB

GSp = signal processing gain (arising frcm modulation schemes other
than DSB-fM and/or error rate requirements other that 9C%
sentence intelligibility) in dB relative to DSB-I4--90%
sentence intelligibility. Equivalently,

G~p C/N1 acual .... •DSB,.AM
GSP= -(C/Nl)actual + (C/N4lt90% , where (C/N1)actual

is the required carrier to noise power density ratio for the
actual grade of service under co,,sideration.

ANR = receiver noise correction in dB, whose form depends on
whether or not the system in receiver noise limited.

4 i3I-S-4 •Z5



if receiver noise limited, NR receiver noise power
density in dB relative to the external noise power
density

if external noise limited, NR = -GAR + PLR

When the actual effective radiated power as determined from equation
3) equals or exceeds the required effective radiated power as given by 2),
then communication with the desired grade of service is theoretically
possible over the propagation path specified. In practice, one would
prefer that the ABRP excced the REU2 by a margin of safety to acconodate
the uncertainties in the values used for the conmnuication model parameters
as well as unpredictable propagation effects such as fading and larger-
than-normal atmosphere or man-made, noise.

III. EXAMPLES

Figures 2 and 3 show RERP vs. frequency as computed from equation 2)
in two environments, In constructing these curves, we !:ave utilized the
criterion (2)

(C/NI)9B-AM = 50 dB - Hz

and noise data as given in CCIR Report 322 and the ITT Hardbook. Those
for a tropical fore-it from refer.•nce 35 For illustrative purposes, we
have inclizded Tepresentativ., skywave modes as computed via the techniqucsSof reference -. It is to be erphzized that fig!,res 2 and 3 are not
universally applicable but are swiely typical ei what one woula compute
for a given area of the world at . 3pecifik tUne. Thus, a con-maiications
planning manual would consist of a ntmber of such curves, catalogues
according to day of the year and locale.

Figure 4 shows a typiLcal overlay of AERP vs frequency for two pieces
of equipment. Implicit in these curves are the frequency-dependent

antenna efficiencies.

An overlay such as that of Figure 4 need only be generated once and
can be applied to various environments such as those of figures 2 and 3.

/ It is only necessary to: place an ABRP ovcrlay on top of an RERP family of
curves and to note the threshold range wi .re AERP exzeeds RERP by a suitable
safety margin (typically 10-15db). It i'. evident that frequency, antenna
and/or modulation optiialzation follows immediately by inspection, without
requiring any nmeirical computations on the part of the analyst.

IV. SJM4ARY AND RECCt4ENDATIONS

A novel communications planning tool has been introduced which greatly
simplifies power budget analysis. ConsideratiunA of its possible value
in the practical utilization of the results of this workshop would appear

to be warranted.

1-S-5
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MEASUREM.IENTS OF 100 kHz LORAN C SIGNAL STRENGTH

AS A FUNCTION OF VEGETATED SURROUNDINGS

Gerome R. Reeve and John W. Adams
National Bureau of Standards

Electromagnetics Division
Boulder, Colorado 80302

Abstract

Comparative measurements of 100 kHz E and H fi,'ld
signals were made in various vegetated surroundi~igs on
the west coast of Florida near Ft. Meyers. The source
was the Loran C Jupiter transmitter located on the east
coast of Florida near Miami. Results showed the E
field signals to be strongly affected by the vegetation
while the H field signals were not. Rough correlation
was observed between the E field signal and a qualita-
tive judgment of the vegetation density.
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MEASUREMENTS OF 100 kHz LORAN C SIGNAL STRENGTH

AS A FUNCTION OF VECETATED SURROUNDINGS

During December 1970, while making measurements* of loran

"C," 100 kHz, signal strength at various locations on the east

coast of the United States, it was observed that the measured

field strength appeared to be a function of the local vegetation

density. Late- it was decided to spend a small effort to investi-

gate this phenomenon further and to see if it 'nffected both the

electric and magnetic field components.

The measureinents reported herein wcre taken at various loca--
tions near Ft. Meyers on the west coast of Florida. The signal

source was the Jupiter loran "C" station at 100 kHz located just
north of Miami on the east coast of Florida, The terrain at the

receiving site was essentially flat for many miles in every

direction.

Several locations were chosen, from one entirely clear of

vegetation, to one approaching jungle density. The following
chart lists the four vegetated sites used alorng with an estimate
of the density of vegetation. While the estimate is subjective

and can be called into question, it is the best that could be

done in the limited time available. All the sites were located

within a circle with a two mile radius.

The measuring equipment consisted of a high gain amplifier

at 100 kHz which could be fed from a vertical tuned whip or a

shielded loop antenna. An oscilloscope was used for the readout
device since the loran "C" signal is a train of RF pulses. The
peak of the pulse was used as an indication of the signal strength,

The signal to noise ratio was at least 10 dB at the high attenu-

ation site and greater at the other locatin-ns. The tuning of
the whip was checked at each location to assuiz; that the nearby
vegetation had not detuned it. In all measuremeuts the base of

the whip and the center of the loop were four feet above ground.

*Measurements were made as part -of a DoD funded contract with the

Electromagnetics Division, NatioLal Bureau of Standards.

rI
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QUALITATIVE ESTIMATE OF VEGETATION DENSITY

SITE

A o PINE TREES ABOUT 3 INCHES TO 5 INCHES DIAMETER,
ABOUT 15 FEET APART

NO UNDERCROWfH

B o LARGE PALM TREES 20 FEET HIGH, ABOUT 10 FEET APART

o SLIGHT DECIDUOUS UNDERGROWTH

o APPEARED TO BE TWICE AS DENSE AS 'A'

C o LARGE PALM TREES 20 FEET HIGH, ABOU'2 S FEET APART

o MODERATE DECIDUOUS UNDERGROWTH

o APPEARED TO BE 3 TIMES AS DENSE AS 'A'

D o LARGE AND SMALL PALM TREES, ABOUT 5 FEET APART

o EXTRIMEIEY IHEAVY DECIDUOUS UNDERGROWTH 3 FEET

TO 10 FEET HIGH

o VISIBILITY LIMITED TO ABOLT 20 FEET IN ANY DIRECTION

o APPEARED TO BE 4 TIMES AS DENSE: AS 'A'

/
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The loop was used in the vertical plane (horizontal component) and

rotated for maximum response. No absolute calibration of the

system was made. However, all measurements were made within a

few hours of each other and at each site, reference measurements
were made in a nearby area clear of vegetation. It is estimated

that the relative measurements at each site are correct to within

± 10%, the main uncertaiinty being in obsurving the amplitude of

the crest of the RF pulse.

Figure 1 shows the relative electric E and magnetic H field
signal strengths at the various locations plotted against the

estimated deiisity. The readings have been normalized to readings

in an area clear of vegetation. The relative signal strength is

plotted on a-dB or logarithmic scale. Not too much significance
should be attached to the fact that the E field observations

appear to lie on a straight line because of the subjectivity in

the density scale. What is more interesting is the large values
of E field reduction, greater than 30 dB, which can occur and

the virtual non-reduction of the H field in the same environment.

A theoretical explanation for this behavior of the electro-

magnetic field components can be found by assuming the air vege-

tation media can be represented by two isotropic, homogeneous

media, and by examining the boundary conditions of this ideal

model. This may be a questionable assumption, but for frequencies

over which the wavelength is long compared to geometrical dimen-

sions, e.g., tree height much less than wavelength, this assump-

tion may be valid enough to provide a rather clear insight as to
whether these measured results should be expected.

The electric and magnetic fields in the two media must match

the boundary conditions. The two media are described electrically

by po, co, and co in the air medium and by pI, c,, and a1 in the
lossy (forest) medium, where p is the permeability, £ is the

permittivity, and a is the conductivity. E0 and H0 are the field

vectors in the air and E1 and HI are the field vectors in the lossy

medium, all at the boundary.

In this case, H0 and H1 are components tangential to the

interface and thus equal. E0 and E1 are components nermal to the

I-T-4
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interface and thus the two electric displacement vectors D and u 1

must be used to express boundary conditions. Do = D1 , D = cE,

oEo 0= C1E,, but o e, 1' and thus Eo E1 . Further e, is complex,

i.e., £1c e1 al ,hence

£1 -

o is real and of value 8.85(10)-12 F/m. A plot of dB

20 logl 0 (El/Eo) versus log frequency is shown in figure 2.

For the frequency range where the magnitude of aI/w* is much
greater than cl, the curves shoi a negative slope of 20 dB per

decade, and since cI is not of significant effect macroscopic

values of a may be measured from a = (o)/0dB/20, where ce, is as

defined before, w is 27 times the frequency at which the measure-

ment is made, and dB is the db ioss of E1 /E0 as measured.

Values of a calculated from our measured values of E I/E
are as follows. - 7 dB gives 1.2(10)-5 mhos per meter for site

A, -17 dB gives 3.9(10)- 5 mhos per meter for site B, -23 dB gives

7.9(10).5 mhos per laeter for site C, and -32 dB gives 2.2(10)-4

mhos per meter for site D.

This is very elementary treatment, but does indicate that the

experimental results obtained should be expected. An analysis of

a simple surface wave which gives similar results is given by

H.M. Barlow and J. Brown, Radio Surface Waves, Chapter II, Oxford
at the Clarendon Press, 1962.

An immediate useful conclusion is that for frequencies below

about 30 MHz, where H field antennas are practical, the H field

may be used in many cases of irregular or heavily vegetated terrain

where the E field penetrates relatively poorly.
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WORKING GRCUP DELIBERATIONS - INTRODUCTION

C. W. Bergman, Working Group Chairman

Under the OSD/ARPA Southeast Asia Communications Research
(SEACORE) Program, about 20 million dollars was expanded to do the
research needed to solve the communication/propagation problems
peculiar to that area of the world. Much of this effort was focused
on obtaining an understanding of radio systens in a tropical jungle
environment. Additional effort was also expended in obtaLning
information zoncerning the tropical noise environment and the
characteristics of the equatorial ionosphere.

It has been a general policy in ARPA to foster exploratory R&D
projects to the point where their value was proven and then turn over
to one or more military departments the further development and
gventu•.l application of such wcrk. In the instance of SEACORE,
however, timing and budgetary policy precluded a successful transition
of this sort. As a result, despite some initial moves by USAECCM and
USACC. one of the program's most important stated objectives (i.e., the
application of zesearch and exploratory development to opei-,tional
hardware and procedures) was never fully realized. Now, five yeas
after completion of the Project, we are failing to fulfill yet another
most important obje3ctive of the program - that of doing a sufficiently
thorough job so that much of the researcd done will not have to be
repeated in the future. Many portions of the data taken have not been
analyzed. Some basic data has had to be disposed of, and those who
did the research are going into other technical areas and becoming
unavailable for utilizing or transferring the valuable experience gained.

Forttmately, USACC has recognized this problem, and as a result,
this workshop has been organized to:

1. Apply the results of Project SEACOFE and related research to
operational problems.

2. Identify needs for further R&D based on the needs of operational
radio systems.

in order to accomplish these objectives, USACC has brought together
here at Fort Huachuca a number of those scientists who have done the
research and those operational people who have related problems. Though
simply stated, these objectives will not be easy to realize. It should
be kept in mind that in addition to the direct application of the results
of the research done,, it is also possible to benefit from experience gained
by those who did the research and from utilizing laboratory facilities or
technical tools developed. There is a great deal to be gained )y rmtching
technical talent and research results to operational problems.

= I _1_1



-he workshop will row break into four working groups to discuss
particular problem areas and to make recommendations. The four topic
areas are as follows:

1, Application of Antenna and Propagation Theory

2. Spectrum Usage Below 300 MHz (Including UMF Radio. 225-400 MHz,
but exclusive of Radar)

3. Spectrum Usage Above 300 Nigz (Including Radar Above 30 M*-.:, but
exclusive of UHF Radio at 225-400 MHz)

4. Environmental Descriptions (In relation to propagation and
system performance mcdeling)

(The rePorts of the * Vking Group Leaders follow. It should be noted that
Working Group I met aL d different time to allow the members of ,-at
group to participate ii:. Working Groups II, III, and IV.)

r<
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WORKING GROUP

James R. Wait, Leader

Avlication of Antenna and P-opagation Theory

The main objective of the working group was to develop a set of
recommendations for worthwhile aaalytical studies. In making such
reconmendations, it was kept in mind that the ultimate c¢bjective is
to improve the zapability to coAmiicate in difficult terrain.

The members of the working group reached a consensus on most general
issues but a number of differences .in emphasis emerged. As Working Group I
Chairman, I will attempt to sumrarize these recommendations and points of
view. First of all, 1 will describe briefly the salient points that arose
in our discussions.

Some General Considerations

(1) The representation of forested zovered terrain by a uniform lossy
slab with average properties was considered -o be s rnmarkab]y good model
describing transmission at frequencies below about 10 ,4-{z.

(2) The l/d2 distance dependence followed tha3 expected for a lateral
wave in a uniform half-space but the frequencv dependence was mere compli-
cated. The frequency dependence is 1/f- if both. source and observer are
located at the air-slab interface in an asymptocic sense.

ý,3) The effect of lo~cating obstacles or ridges on the path can hemodelled (in a cf::e sense) by using knife-edges in conjunction with

inter-vening slabs.

(4) The optimum erientmtion of the antennas was consistent with the
excitation of the slab model.

(5) There appeared to be sone adNantage to using loop antennas for
both transmission und reception in special cases.

(6) It was observea that a satisfactory model for aiicrow,.:.- propag,'tion
over forested terrain should account for the refractive index -;4ruct:zre cnove
the tree-tops.

Speci-.ic Recommendations

(1) That any unused available data (such as available from ITS/OT) that
exists for propagation over iorested terrain be utilized in an attempt
to see if the slai, nodel is applicable to areas other than jungle-type media.
Also, secondary features sic'- as cross-polarization and diversity shoula be
examined if they are availab'e.
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(2) The physical parameters of the forested media, that arc, important in
specifying the best siab model, should be carefully and comprehensively evaluated.
This is important if we wish to predict comunication capabi]ities for inaccessible
but interesting regions of the world. In this connection, it would be acsirable
to re-evaluate the existing propagation data (e.g., from the SEACORE Program)
in che light of new analytical models that have been developed.

(3) That an analytical study be made of the inherent averaging process
that takes place in the forward scattering of the waves from a lumpy-like
medium with uneven boumdaries. This is desirable from the standpoint of
interpreting localized (in situ) measurements of the medium in terms of the
o"-:,,rll transaiiision problem. In oth.er words, ai%' the lucally ecduced
properties (sich as sigma and epsilon) the same as the values to use in the
slab nf,,2i ?

(4) That an objective study be made cf the capability of the various
p.ro'-igattc-,i models to predict observed performance parameters. Limitations
and scope of the diffe:'ent methods should also he pinpointed. Where pc_,sib]e,
advanced statistical methods should be utilized in order to specify useful
bounds on the predictions.

(5) That an effort be made to simplify existing models if they involve
complicated computer routines.

(6) That some effort be expended to evaluate hitherto neglected features
of the mo•dls (e.g., arbitrary profile of the ground surface, variation of
mean tree height along the path, and obstacles that are located away from the
dLrect rad' o path). Available integral equation techniques should be exploited
here.

(7) That some attention be -iven to the mechanism of microwave propagation
for line-of-sight paths over and thiu forested terrain. For example, can we
exploit the possible exi-ie-ce of-eractive index ducts over the tree-tops?

(8) That some efforts be made to evaluate the effect of multi-path for
transmission in a slab that has deterministic ihomogeneities of a speciffied
form. Such a study would facilitate the interpretation of any pulse or.
tine-domain that are available.

(9) •hat ; very comprehensive suivey be made of the relative merits of
different antenna types that would be used to excite lateral waves in forested
terrain. The main goal of such a study would be a set of specifications and
guideline-; on the expected performance and operation of each antenna type.

11-1-2
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WORKING GROUP II - SPECTRUM USAGE BELOW 300 MHz
(Including VHF Radio 225-400 MHz, but exclusive of Radar)

Robert A. Kulinyi
Leader

1. The Working Group met as shown in the official Agenda
with a membership sub-tantially as forecast by the sign-
up sheet posted at the general workshop session. A total
of 20 individuadls attended the two open sessionZ, of which
16 were at both. See the attendance list attached to this
report. In addition to presentations noted below, written
material was provided to the Group Leader by three attendees.
These are reflected in the text to follow as discussion items
or recommendations

Special appreciation must be expressed to Morris Acker of
ECOM and Gary Barker of SRI for their assistance in preparing
the text of recommendations and material for presentation at
the final Workshop session - an endeavor which extended past
midnight of 8 Nov.

2. Presentations of specialized interest for Group II were
given as noted here. The first two were early on 7 Nov ii'
the Group meeting a:nd the third was mid-way in the morning
session of 8 Nov.

a. "A Novel Graphical Technique for Spectrum Utilization/
Communications Planning" by P.R. Levine tnd T.C. Larter of
Megatek Corp., Harbor City, CA; and J.M. Horn of Naval Elec-
tronics Laboratory Center, San Diego, CA.

b. "A Communication Channel Simulator for Forested and
Vegetated Environments" by Morris Acker. US Army Electronics
Command, Fort Monmouth, N.J.

c. Mr. Sol Perlman, US Army Electronics Command, Fort
Monmouth, N.J. presented material on avionics problem areas
in Nap-of-the-Earth Communicationa and US Army Aircraft
antenna gain and pattern v&riations.

3. Discussions on Group II Agenda Items

a. Propagation Mechanisms

(1). At lower frequencies it was obseived that the
E-field was attenuated at greater rates than the H-field.
At higher frequencies no observations were cited, hence a
need for more data was expressed.

II-I 1-i
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(2). Discussion led to a conclusion that better means
for coupling antennas to the forested and vegetated media were
needed. Possible optimization of lateral wave launching was
discussed and it was decided that, so far as was known, simple
antennas provided the best means for this.

b. Prediction Methods

(1). HF Ionospheric techniques were briefly reviewed,
noting the novelty of approaches such as that of paragraph 2a"
while the need to consider limitations of any abbreviated meti,-
od was also apparent. Two othei techniques were discussed; 4

the CURmS system of Stanford Research Institute developed for
DCA and the in-nouse efforts at ECOM on Near--Real-Time Iono-
spheric Sounding and Prediction for Field Army Distances.

(2). Considering a broader frequency range, there
was agreement on the need for better models for transmission
predictions. These would lead to higher reliability in over-
all.system design when EM propagation in difficult environ-
ments was an important concern.

(3). It was noted in the group discussion on Mr.
Acker's paper (Paragraph 2b above) that this technique of
multipath simulation needed the provision of path tapes taken
in forest areas. In this way more costly extended or repeated
equipment tests in those areas would be minimized or eliminated.

c. Multipath Effects

(1). A primary concern here was the movement towards
digital transmission in most fiequencf ranges. It was noted,
despite presentations at the general workshop sessions, that
insufficient data was available on multipath in vegetated and
urban areas to yield fully useful predictions of system error
rates. Specific instances discussed were those cf sensor
communication links and spread spectrum modulation techniques
at VHF.

(2). Some group attendees noted multipath effects
led to depolarization of signals and questioned whether cross
polarized antennas would provide diversity gain in a forest
with high trees. There appeared to be insufficient data in
this area..

d. Signal-to-Interference Ratio

(1). Noise was noted as one of the most difficult
types cf interference to overcome in vegetated environments,

II-II-2
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primarily due to a lack of consistent data suitable for de-
tailed prediction of system impact. While there have been
some observations of different-es in signal-to-noise ratio
in-vs-out of the jungle, this relationship is not fully
established. Measuring techniques for natural and man-made
noise are not sufficiently correlatable from user to user,
particularly when dealing with man-made noise.

(2). A need was cited for more knowledge on antenna
directivity ii, forested areas. Given available data, there
appear to be Applications for steerable-null array techniques
to yiejd improvements against some types of interference.

e. Antenna Relationships

(1). In many applicetions, electrically short radiators
are unavoidable, such as sensor data-links and squad radios.
There is insufficient design data which reflects the impact of
vegetation parameters on these antennas.

(2). There appears to be a general lack of consideration
for antenna study and modeling in relation to system constraints
in the early design stages. More data from SEACORE antenna test-
ing should be provided to development and engineering users.

f. Practical Considerations

Discussion centered on how to better disseminate the
data already available from SEACORE and other studies in for-
ested and vegetated regions. A translation of the many re-
search papers, test reports and other technical data into
training material suitable for adding to or replacing that
now used in military school systems appears necessary. Texts,
including handbooks, may be configured from presently available
inputs to meet these needs.

4. Other Group II Discussion Items

a. A possible new application of ground reflectometry
techniques was presented by Mr. J. Adams, NBS at Boulder,CO,
for potential use in forest and vegetation characterization.
This might utilize either reflectometry or transmission mea-
surements. NBS has developed an experimental, van mounted
facility for this.

b. Various suggestions were made for added capabilities
fo: antenna modeling of a physical and analytic nature to
better predict effects of forested, vegetated and urban.
environments on EM signals.

II-II-3

256<



5. Group II Recommendations

a. Propagation Mezhanisms

(1). Additional tests and studies are needed to
better relate short term statistical vaziations to long
term signal characteristics in the various media traversed;
this should be further extended to include effecti of ground
and vegetation parameters. For frequencies below 3 MHz, nav-
igation systems need special attention to characterize effects
on ph&se and t'ming due to med4 a variability.

(2). Measurement techniques and systems are needed
to determine effects of the enviro,.unent on the propagation
path. The long and short term variability of factors affect-
ing amplitude and phase on paths in forested, other vegetated
and urban areas as a function of frequency -ill be considered.

b. Prediction Methods

(1). Information derived from the measurements of
path variability should be developed into empirical statisti-
cal estimators for incorporation into transmission models.
These statistics should be used to define probability of
successful system performance.

(2). Techniques providing a higher level of near-
real tims ionospheric prediction capabilitl should be de-
veloped. These will allow improved frequenc., management
over both long and short distance circuits ar.d will supple-
ment existing long term prediction models.

(3). Existing transmission channel simulation cap-
abilities should be extended to include UHF and higher fre-
quencies with increased channel bandwidths to accommodati
newly designed digital systems. The channel simulator tape
library should be extended to encompass a more complete range
of environmental parameters.

c. Multipath Effects on Digital and Analog Signals

(1). More data on multipath effects related to en-
vironmental factors are needed for wideband digital, spread-
spectrum and analog signals. Trade-off studies are needed to
conserve spectrum usage while achieving system objectives
in the presence of multipath effects.
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(2). Other-than-linear antenna polarization cap-
abilities to overcome certain multipath effects in urban
and forested environments should be studied and tested.

d. Signal !o Interference Ratio

(1). Measurements of man-made and atmospheric noise
should be extended to determine both long and short term
variations. This should serve to establish both specific and
detailed descriptions of noise in forested, výgetated and
urban areas.

(2). The application of directive and steerable-null
antennas should be investigated for radio systems in forested,
vegetated and urban areas.

(3). Observations of differing attenuation of signals
and noise in forest media indicate a need for further investi-
gation of noise propagation mechanisms and paths relative to
the signal propagation paths.

e. Antenna Relationships

(1). Information and data on antenna performance in
forested environments, obtained in the SEACORE Program, must
be summarized and distributed to operational personnel and
equipment designers.

(2). There is a need to establish the operational
feasibility of efficiently coupling antennas to natural pro-
pagation modes existing in forest and vegetated media.

(3). More statistics are required on the effects of
varioi. types of forests and vegetation on antenna gains,
impedance and coupling to propagation paths.

(4). Suitable reference antennas are require3 to
evaluate the relative performance of existing and proposed
antennas. This is especially important when such antennas
are to be mounted on or near complex structures.

f. Practical Considerations

Information obtained under SEACORE and similar programs
describing environmental effects on radio systams must be con-
figured as, or incorporated into t.ngineering texts, training
manuals, handbooks and operations manuals. Some immediate
uses of such data can be achieved. Instances 3f these are:

hi-h-S
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(1). Application of dipole height gain data to
improve performance of HF radio circuits at near vertical
incidence.

(2). Use of horizontal polarization at HF and
the lowe: VWF to improve transmission within tropical
forested ac'ias.

-I
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REPORT OF WORKING GROUP III*

Spectrum Usage Above 300 MHz
(Including Radar Above 30 MHz but

Exclusive of UHF Radio at 225-400 MHz)

1.0 INTRODUCTION

Working Group III adopted the objectives of (1) identifying
applicable results obtained from Project SEACORE and associated
programs, and (2) determining areas needing additional research for
purposes of satisfying tactical operational needs. The two general
sessions were focused un identifying specific operational problems
and uncertainties experienced in the operation of a number of sys-
tems in or near foliaged environments, identifying problems likely
to be encountered in operation of future systems in such environments
and what is needed to resolve and/or avoid such problems.

The following section identifies a number of the systems
opzrating in the subject frequency range and the associated needs
"discussed by the Working Group.

2.0 SOME RF SYSTEMS AND ASSOCTATr3D OPERATIONAL NEEDS

A number of tactical systems in foliated environments in
the subject frequency range were discussed. These are summarized
below with emphasis on the operational aspects.

2,1 FOLIAGE PENETRATION RADAR

Radars considered here are MTI systems intended to detect
moving targets in vegetation.

Land Warfare Laboratory has developed short range man-
"transportable systems at 140 MHz and at 1300 MHz. One 140 H141Z system
was designed to be effective as an intru;ion detector, to detect the
presence of walking men. Another 140 MHz system was designed to
detect low flying helicopters which are obscured by foliage.

Lincoln Laboratory and Harry Diamond Laboratories evolved
a larger transportable 435 MHz system which is an effective intru-
sion detector at longer ranges. This latter has become known as
the Camp Sentinel Radar.'

* Prepared by Panel Members: Lincoln Cartledge, John Hicks
(Leader George Kizer, Sol Perlman, and Lewis Surgent.
The panel wishes to thank the Working Group participants for
their valuable contributions.
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Ai:borne foliage penetration radars include a 900 MHz
helicoptar-brne "Airborne Truck Detector" and a lower frequency
noncoherent .adar which was tested on a C-47.

We are aware of some work by USAECOM on a small portable
system operating near 200 MHz.

Ali of these systems are essentially prototypes. Only one
or a few systems of each type have been built and operational
experience has been limited to service test levels. Hence, detailed
listings of user -roblems are not yet available. Note, however,
that the development of all these systems was largely motivated by
the inability of existing X-and K-band Doppler radars to penetrate
foliage.

As their name implies, foliage penetrqtion radars propagate
signals over paths which go partly or wholly through v'e,ttation.
The smaller man-transportable systems operate with boti !he radar
antenna and target below the treetops. Camp Sentinel Radars are
designed to operate with antennas above the treetops. Hence, the
important propagation modes include line-of-sight through vegetation,
lateral wave and a combination of free space and diffraction into
the vegetation.

Obviously, prediction of a radar's performance requires
knowledge of the path loss from radar to target. A considerable
data base relative to this path loss exists.

The lateral wave model is used with some success for the
simple situation. In many cases, however, foliage penetration radars
are to work in forested areas which contain cleared areas as well.
Signal strength prediction along these "mixed paths" is more compli-
cated. Several methods of attacking this mixed path problem are
discussed in reference 3.

The foliage penetration radars are MITI radars; i.e., they
make detection by recognizing the Doppler shift associated with
moving target echoes. Prediction of MTI performance involves, in
addition to the path loss, prediction of the relative strength and
spectral characteristics of both the clutter and target return.
Likewise, design of optimal MTI radar systems depends on predic-
tion of the strength and Doppler spectrum of both targets and clutter
echoes.

At the frequencies of interest the vegetation can be modeled
as a lossy dielectric slab with random spatial variations of the
complex index of refraction. Such a slab demands a statistica.
descritlion. Our ability to design systems and to predict perform-
ance is limited by our linited ability to accurately predict the
statistical parameters of zhe spatial distribution of the dielectric
constant.

Foliage penetration radars are intended to detect walking
men or moving vehicles. These targets are on the ground; hence,
ground lobing effects are important. Signal strength will usually

11-I11-2
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be near zero at the electrical ground level and vary more or less
periodically with increasing height." The height at the first
periodic maximum is a function of the forest parameters and of the
radar frequency. It increases as the frequency decreases; i.e., at
low heights ground lobing causes reductions in signal Ftrength as
the frequency decreases. Converse!y, the attenuation in the foliage
decreases as the frequency decreases. These two counteracting
effects suggest the existence of an optimum radar frequency for any
given forest environment.

Other multipath phenomena are important. !Forests, partic-
ularly iiear the ground where the targets are located, consist of
large scatterers, which are spaced man-, wavelengths apart at VHF.
Reflectionsfrom these scatterers give rise to multiple propagation
paths which, in turn, have the effect of adding spurious modulation
to the target echoes. When wind moves the trees, the multipath
structure becomes time varying and the nominally zero Doppler clutter
returns are modulated. The resulting sidebands limit the radar's
ability to detect slow moving targets.

In che process of developing fooliage penetration radars,
both LWL and Lincoln Laboratory found it necessary to make theore-
tical and experimental studies of propagation phenomena in vegeta-
tion.s'6, 7,a8 9 10 These have led to a fairly good qualitative
understanding but quantitative information suitable for predicting
radar performance is still largely lacking. in particular, we need
an adequate data base so that the parameters of the volume distri-
butions of dielectric constant and loss tangent can be derived from
the biological and topographical descriptions of the forest.

Parameters of interest include the mean, variance and two-
point correlation function of the complex dielectric constant as
well as the variation of these parameters with time.

2.Z LINE-OF-SIGHT AND TROPOSCATTER COMMUNICATION LINKS

Present tacticail microwave communication equipments operate
primarily in the 750 to 950 Mbz and 4 to 8 GHz regions with adoption
of 14 GHz systems expected as well as system development; to 35 GHz
or so. Communication links are often established between clearings
separated by vegetated regions and from clearings into iepetated
regions. Intervening paths may be mixed vegetation-clearing. Some
links have one terminal elevated as typical when a line-of-sight
link communicates with a troposcatter relay on a mountain.

The establishment of such communication links in tactical
situations is often complicated by other operational requirements
and inadequate guidelines to meet the unusual siting problems. For
exqipl., s-elters, vehicles, helicopter landing areas and the like
m,y 1eavily influence terminal locations. Sometimea the nearby
top, "raphic features are altered after antenna installation such
that the original siting criteria and performance are altered. Tree
tops may be in the main beam or ridelobes, possibly a result of
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natural growth after installation in some instances for fixed paths
and possibly due to concealment factors. Cul :ing the trees may not
be permitted. At present most of the systems appear to operate at
voice bandwidths but some are PCM with signal bandwidths of 4 to S
,Hz. Increasing use of digital communications for security and
other purposes is expected to bring ,reater bandwidths.

Current problems of major conceri appear to be se,-re fading
due to atmospheric phenomena, extending the operating range with
present power and how to treat the problems of trees nsar the anten-
nas and within the path in general. Questions were posed as to
whethei narrowv2 beams could be used to increase range and what the
effects of the trees nre in general and particularly in terms of
beam alignment and in future applications related to message errors
over PCM links. Space diversity is curre.,tly employed to combat the
atmospheric fading aitd may be useful in applications where the
antennas are near the forest-air interface. The spatial cnrrelation
distance required to combat fading ceused by trees swaying with the
wind, however, is not known at these frequencies. Propagation mech-
anisms are uspall-" line-of-sight, diffraction, the lateral wave and
troposcatter Some questions were also posed as to the effects of
atmospheric refractivity inoex gradients associated with forested
regions. For operating frequencies approaching 1 GHz and higher,
the well known effects of the atmospheric refracting structure upon
microwave propagation can constitute a propagation problem in addi-
,ion to those usually associated with propagation in wooded areas.
,or example, sparse refractivity measurements demonstrate that
strongly negative refractivity (ductirg) g-adients ctn occur at
times ju-t above tropical jungle canopy; similar structures have
been reported from Swedish forests. These refractivity structures
,-re dependent upon the variations of the temperature and humidity
of the air with height, horizontal displacement and time. Further,
mrkeo differences in the atmo.spheric refractivity structure (varia-
tion of refractivity with height) have been observed below the canopy
(treetop) heights between clearingý' and within the jungle."1 ' 12,13
This effect of theso structures in the vicinity of 1 GHz can comrli-
crte the problem of interpreting expeiimental data for both terres-
trial point-to-point and ground-to-air applications.

Elevating the aatennas above the foliage where possible is
a general and wall known solution to many of the above problems.
It is suggested that a partial solution to some of the operational
problems of raising antennas to treetop height and above is to use
elevated passive reflectors rather than elevatý3 the active structure
with its feedlines. These aie discussod in the open literature with
the use of passive reflectors being well treated in the Japanese
literature.

A number of the practical questions posed may be addressed
0 .pplication of SEACORE and related work, particularly those

Sated to attenuation through the foliaye anid communications per-
fotmance in general.' ,15 '" The questions regarcArg precise pre-
fi-tion at these frequencies for the anteiinas operating near the
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rough surface of the treetops, however, are unanswered. A theoretical
solution for this case has apparently not been developed. It would
be particularly useful in terms of predicting the signal variance.

2.3 TACTICAL NAVIGATIONAL SYSTEMS AND AIRCRAFT LANDING AIDS

An ILS radio signal source at K-band for a helicopter land-
ing system in a tactical environment with terrain covered by g-isses
and low bushes can be distorted by depo]arization, multipath. and
absorption. Tht helicopter approaches the runway at about an 8
degree elevation angle. Data are needed to determine the acrcuracy
of the landing approach starting about 1 to 2 miles away from
couchdvwn.

A navigational satellite system applied to aircraft in
flight over a forested area will. be affected by multipaths. The
signal frequency for such a system is proposed to be about 1600 MHz.
The setellitr signal ariives at elevation angles between 10 to 60
degrees, depending ei, latitude and subsatellite position. Will sig-
nal scattering ar- absorption minimize the multipathing ever a vege-
tation covered surface compared with earth or water surfaces?

The TACAN system must often be placed in small clearings
surrounded by forests and other Dbstacles. The scattering and
multipaths may cause the system to be unusable at some azimuths.
The a priori performance is not predictable and several hours of
test and evaluation during installation may be reqiired, A perform-
ance prediction method would be of value.

2.4 VEHICLE AND PERSONNEL POSITION LOCATING SYSTEMS

A Marine Corps Positirn Locating and Reporting System for
operation i.- che 400 MHz range is under development. Its operation
will utiliz.. trilateration and/or precise timing techniques. The
required bandwidth of the system is about 10 MHz. Multipath envi-
ronments impose limitations'on usable bandwidth and at present these
are not well known for wcoded areas Some p6rtinent results on
bandwidth limitations and multipath ihenomena in forested environ-
ments are available from Project SEACORE in the VHF and UHF frequency
range,"1 but more experimental data are r.eedcd to define the multi-
paths in general wooded areas. Propagation prediction techniques
for forested and vegetated envizonments would also be an asset in
general.

3.0 CONCLUSIONS AND PECOMM1ENDATIONS

The discussiois made it clear that there is a gap i:etween
the user and research communities regarding radio frequency propa-
gation in forested and/or vegetated environments at the fr.:Iuencies
of interest to this Working Group. The research effort has been
somewhat general and less extensive than at the lower frequencies.
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These efforts, howev..r, have produced an awareness and qualitative
uwderstanding of facto rs that influence propagation at these frequen-
cies in such environments, but the results are generally contained
in detailed research reports rather than application documents.

The following recommcndations are aimed at making mximum
use of existing data and knowledge and of researchi efforts foi
advancing the knowledge in areas of primary importance to tactical
applications.

1. The slab model of forested enwironments is applicable
for estimating the median path ios6 for systems up to frequencies uf
1 GHz or so, It should be interpreted in its most practical terms
and made available for use by operational persoitnel.

2. Operational problems should be more thoroughly identi-
fied in terms common to both the research engineer and users and a
document encompassing known solutions, qualitative approaches and
guidelines developed specifically for use by operational personnel.

3. A document utilizing current knowledge on radio system
performance and prediction techniques in vegetated environments
should be prepared for use by system designers and those responsible
for generation of system requirements. For example, design envelopes
in terms of antennas, antenna heights, frequency, power, etc. would
be typical content.

4. Further analysis of existing data bases and further
experimental work are needed at frequencies above 300 MHz. rhese
efforts should focus on such factors as the electrical ,arameters
of the forest, multipath ef' cts, two-point correlation functions,
backscatter cross section of the vegetation, Doppler spectra and
others and their integration into a model for prediction purposes.

5. Development and/or exploitation cf mixed path models
is needed for predicting the detecti';n range of foliage penetration
radar and communication performance in general.

6. A theoretical treatment of scattering by tna rough air-
foliage interface that serves to bound the ,•ndom foliated medium
when the antennas are placed near the bcur~ary is needed, particu-
larly for communications performance predictions.
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WORKING GROUP IV: ENVIRONMENTAL DESCRIPTIONS

G. H. HAGN, WORKING GROUP LEADER

1.0 PR:.FACE

To put the efforts of Working Group IV (WG IV) into perspective,
it should be noted that this group was planned to provide support to
WGs HI and III on operational problems in forested areas arud WG I on
at.alytical -:i.deling. Its primary goal was to determine the types and
formats for environmental data required to solve operational and ana-
lytical problems and to identify data already available for this pur-
pose -- as well as voids in our current knowledge. I would like to
thank the people who worked in this group on the two days (see i pen-
dix A), especially those who prcvided written inputs: Adams, vutton,
lkrp-h, Kitchen, Lane, Lytle, McLec4, and Robertson (who could not
att 2. I especially want to thank Dr. McLeod for acting as recording
secretary and Drs. Kitchen and McLecd for working with me after the
conclusion of the group sessions to pu*: together the first rough
draft of this report for presentation at zhe Workshop. The refereaces
at the end are by no means comprehensive. Finally, any errors of
commission or omission are solely mine.

2.0 INTRODUCTION

This working group addressed the problem of describing the forest
environment in eperationally descriptive terms as well as in epgineer-
ing and scientific terms. It was the group cencensus that environ-
mental classification was the most important topic and three
engineeriag and bcientif-'c categories were defined:

0 The physical environment (the type of environment one can
see).

0 The electrophysical environmenc (the electricai prgperties
of soil, vegetaci.on and the atmosphere).

* The electromagnetic wave environment (the ervironment. of
4 Kradio energy, including radio signals and noise).

It was concluded that the reasons for classification of the
environment must be specified in order to deterraine the appropriate
classification tec~hniques. The following Department of Defense (DOD)
reasons for eavir(nmental ciassification were identified: 1) To
facilitate the prurision of g-'idance to field operators in the form
of anudbcoks and (sther aids. (For example, guidance on how close to
a tree trunk an o')erator can plece his antenna without seriously de-
grading the perfomance of his radio system); 2) To facilitate the
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use of radio systems performance models in computer war gaming; 3)
To facilitate planning field test exercises and actual military opera-
tions; 4) To provide documentation of the environment during the per-
formance of tests and evaluations (including the calibration of test
ranges); 5) To provide input to the process of radio systems design;
6) Po provide documentation when radio propagatlon and antenna models
as well as radio noise and interference models are being field
checked prior to their use in radio systems performance models. Other
DOD reasons for environmental classifications exist (e.g., to validate
studies of mobility, etc.) but the foregoing list is intended to re-
late direcely to radio systema. Valid non-DOD classification require-
ments exist also (e.g., scientific descriptions relevant to the study
of the environment by botanists, aids to forest management, enviror-
mental control, etc.), but these were not of primary concern to WG IV.

The following discussion will begin with a listing of the types
of environmental classification techniques apd their relationship tzo
military scenarios and to mathematical models of antennas, propagation,
and radio system performance. While noise, interference and suscepti-
bility also are '.•grtant, they are treated in less detail. Model
input data and p. ,.ieter sensitivity are discussed. The relationships
between the phvsical and the electrophysical environmental properties
are reviewed as they pertain to extrapolation to other locations,
other radio frequencies, etc. Vo'is in available model input data
are discussed as well as the need for procedures required to use the
models in the absence of it-me of the required input data. Measure-
mert techniques and their !imitations are dircussed. Conclusions and
recommendations are give*i regarding makin, the best use of existing
information as well aP for future R & D work.

3.0 DIMENSIONS OF ENVIRONMENTAL (AThGORIES

3.1. Oprrationally Descriptive Categories

In general, military scenarios are couched in a geopolitical
frame of reference, whereas evaluation of performance of radio systems
used to support military operations requires the uoe cf an engineering
and scientific frame of raference. dence, it is uecessary to relate
these two conte.ts to do the analyses required. In simple terms,
tbis involvel the process of going from e map of a region that has
geopolitical significance to a descript4.on of the physcscal, electro-
physi'!&I and electromagnetic ewrironmei:s in that region in terms of
patiaeters that can be used to run models to predict the performance
of radio systems as a function ot tactically meaningful variables such
as communication range, reliability, etc. For ezample, in the require-
ments study for tactical radios planned for usa in the 1980 time frame
(Tactical Radio Cosaunication Systems, TRCS), '3 DOL$.generated scen-
arios itere emplcyed and the world was dvided into 10 regions (e.g.,
Northern Europe, Southeast Asia, etc.). 1 Within each region, any
given locaticn was assigned to one of ? soil types, 8 terrain t)yes,
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9 climates and 10 vegetation types. Electrophysical values were
assigned to each of the soil and vegetation types, etc., for use
in radio propagation analyses. More detailed classiti.cation systems
have been devised for geopolitical subregions. Vietnam, a subregion
of SEA, was analyzed,and 17 different vegetation deseriptors
(including ba-2 earth) were generated and related physically and
electrophysicaily to a map.of Vietnam. 2

3.2 Engineering and Scientific Descriptive Categories

3.2.1 Dimensions of the Physical Environment

3.2.1.1 Geography

Various systems are employed by geographers. Some of these are
ddscribed in Ref. 3.

3.2.1.2 Towography

Topography has been described as a function of terrain type, and
considerable conversion of actual terrain elevation data into a
computer-usable form (digitized data) has been accomplished by the
DOD. 4 A variety of terrain types (e.g., smooth plains, rugged
mountains, etc.) have been defined. For example, eight types of
terrain irregularity (as described by the interdecile range) have
been related to these terrain types.

3.2.1.3 Geology

The earth has been mapped on a global basic in terms of geologi-
cal formations, and some work has been accomplished on making maps of
earth electrical parameteri. 5 , 6 It is important to distinguish
between surface electrical va3ues of soils and the valueo pertaining
to the underlying formations - as well as betveen true and effective
or "apparent" values. 7

3.2.1.4 Climatology

The primary climatological variables related to radiowave pro-
pagation include temperature, atmospheric pressure, humidity and
liquid water content, r~infall rate at the earth's surface, average
rainfall over a year, and prevailing winds, etc. The-e variables
relate to propagation through the surface refractive index of the
atmosphere and the scale height, which have been mapped on a world-
wide basis , and through the scatter from (and attenuation by) rain. 8

3.2.1.5 Vegetation

A variety of systems have been developed for classifying vegeta-
tionp and biogeographers have mapped the occurrence of the various

types. 10-12 L.R. Holdridge1 3 has developed a system fr classifying
vegetation that relates humidity and mean annual bio-temperature to
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types of vegetation. He has categorized the world life zonee and
plant formations into twelve humidity provinces and six temperature
regimes &ad related these regimes to latitudinal. regions ranging
from tropical to polar and altitudinal belts ranging from sea level
to nival. His classification system for mature natural forest stands
(where no strongly restrictive growth factors are present) has proven
effective in the tropics for predicting the types of vegetaticn which
will br most likely to occur as a function of humidity and temperature. 14

It can be used to supplement other methods of predicting vegetation
types in azeas where no direct access is available.

3.2,2 Dimensions of che Electrophysical Environment

The primary dimensions of the electrophysical part of the forest
environment are the macroscopic electrical, properties (complex dielec-
tric constant) of the ground, forest ard the air above the forest.
Some relationships between these parameters and the p,ysical environ-
ment are diecussed later.

3.2.3 Dimensions of the Electromagnetic Wave Environment

The primary dimension of the radio frequency spectrum is frequen-
cy (or wavelength). The International Teleconmunication Uniot has
defined the radio frequency spectrum by band, and has specified by
international agreement what types of uses these bands and sub-bands
may have. 1 5 In addition to signals, there are several varieties of
noise which occupy the radio frequency spectrum. Atmospheric radio
noise has been classified on a worldwide basis as a function of season,
time of day, and radio frequency. 1 6 Cosmic noise and solar radio noise
have been discussed by numerous authors.1 7 Man-made radio noise is
less well documented, although Disney, 18 Skomall 9 and others have
presented possible methods of relating man-made noise to the environ-
ment producing it. Man-made radio noise of an intentional nature
includesthose devices used in electronic warfare (jammers, spoofers, etc.).

4.0 LIMITATIONS AND APPROACHES

4.1 Limitations on WG IV Discussions

The environments dimensioned in the preceding section are very
broad. To facilitate discussions, the WG IV attendees put several
bounds vn subsequent discussions. The frequency range of interest
extended up to 15 GHz. Potential applications of environmental
descriptions concentrated on the tizaeframe out to 1980. The dimensions
of the physical environment based on military scenarios werfi limitc'd
to 1000km or less, and the concept of an operational volume was found
useful. The cngineering and scientific volume(s) of interest include
a cubic wavelength at the radio frequency under consideration, etc.
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4.2 Philosophical Approaches

Two philosophical approaches to enrrirommental description were
explored: scientific and operational. The scientific approach co°-
sis,.ed of going back to first principles (Haxwell's equations) and
describing the environment in a way that enables the solution of the
equations with the required accuracy. It was observed that knowledge
of the environment near the end points of a propagation path is more
important than a detailed knowledge of the middle. Hence, it is
possible to sort the problem into two parts: coupling to (and from)
"the medium, -.od propagation through it. This can be re-phrased as
"the problem of determin.ng the self impedance of Lransmitting and
receiving antennas, and determining their mutual impedance.

The operational approach is essentially a baseline approach.
Here one would build ca the existing systems fer environmental
classification. One could relate the parameters of these existing
zysr.ems to the ones needed to run analytical radio system performance
models, Alternatively. one could use a purely empirical approach
and use the performance of actual military equipment to classify
environments where operational experience had been obtained.

It was concluded that both approaches had merit, and that a

composite approach ;i1ould be employed, with emphasis on the baseline.

5.0 SCENARIOS AND MAYHEHATICAL MODELING

No standardized method exists for proceeding from the types of
environmental descriptions used in military scenarios to the perfor-
mance of radio systems used i:.- those scenarios as a function of
range, antenra height, etc. However, several examples of this type
of work have been mnenzioned.J, 2 A variety of models exist for the
performeace of antennas, for radio propagation, noise and interfer-
ence and the performance of radio systems in a variety of environ-
ments (sea also the papers section of these proceedings). It Wac
beyond the scope of this workshop to generate a composite currena
list of these models and thel.r availability, the envircnmental
input required, the outputs produced, and their acceracy and limita-
tion. These modeln can be tru for a given type of com=unicatloa

.4• system as a function of frequency, renge, etc., as germane to military
scenarios, and the system perfomrnnce predictions are useful ior the
variety of DOD reasons for categorizing the environment discussed in
Section 2. At present, hxwever, very little guidance is available
to the engineer attempting to relate scenarios fora forested area to
the available analyzical moryels.

tO MODEL PARAM.ER SENSITIVITY

It is very iportant to Identify the sigirificant environmental
parameters, reqiely the pareAaters which the -xodols Indicate have a
si~gntficant •ipactv on system pe-eformance. One way of ident.ifying
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these parameters for a given model is to run the model for a range of
values of the input parameters aud note those parameters which pro-
duce particularly significant effccts on the model outputb. For example,
the forest slab model developfd by Taylor 2 0 was used in this manner
and it was concluded that for determining the gain Zoward the zenith
of a horizontal dipole antenna in the forest, that the height of the
antenna above the ground was the only truly significant parameter --
the same conclusion ai in the absence of vegetation. Similarly, Sachs 2 1

concluded that the conductivity of the forest slab was the most impor-
tant parameter in determining basic transmission loss for ground-to-
ground commir~cations in a forested area. Another parameter of impor-
tance for antennas situated in irregular terrain is the effective
height 2 2 of the antenna defined relative to the surrounding terrain.
A atudy of the parametric sensitivity of the environmental input data
required for propagation and antenna models is an important source of
guidance for the specification of the accuracy required for the input
data.

7.0 EMECTROPHYSICAL MODEL INMUT DATA

7.1 Ground Electrical Parameters

Let us now consider model .i...ut. d.ta availability. The electric~l
properties of the ground axce required in most antenna and propagation
models. These parameters are known to be a function of radio frequency
but current practice 22 usually involves using values developed for use
at frequencies around ! MHz as listed in various radio handbooks 23 and
related environmental descriptions by very general soil type (sandy,
pastoral, etc.). Usually, measured values of electrical ground constants
for the location and frequency of iterst are not available, although
some data of this type does exist. 2 It should be noted that when
empirical ea.a have been used to wodify theoretical models jzor a giver
type of terrain, it is important to u-e the same electricLU constants
in suosequant uses of that model even though they do not matel, the
physical-el:ctrftal cowtants whi,:b exiet at the site. This same
conaent applies to models for propagation In forests with respect to
the forest electrical properties. It should be noted, however, that
it is preferable to use the best available information on electrical
constants of ground and vegetation prior to any empirical modification.

7.2 Vegetation Electrical Parameters

Values for the electrical properties of forests have been obtained
using several techniques as discussed by Hagn. 2 9 Values for the dielec-
tric constant and conductivity of the forest are useful descriptors
of a forest as a lossy dielectric slab for frequencies below approxi-
mately 500 MHz. Estimates of these parameters have been obtaired
using open-wire transmission lines in the frequency range 6-75 m)z.2 5-ý 8

At higher frequencies, curve fitting of measured antenna pattern data2 9

has proven effective far estimating these parameters. At LF, a tech-
nique has been proposed by Reeve a.d Adams which appears promising that
involves the use of measurements of the wave impedance in air and in
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the forest. 30 The effective forest height is a parameter required
for use in the slab models. It is possible te fit measured propaga-
tion loss data to slab model predictions and to adjust the parame-ers
of the ground and forest slabs to obtain a fit. This approach does
not provide unique electrical properties in the same sense as the
open-wire line and wave-impedance techniques mentioned above, but
it does give parameters that are useful in running the models for
the exact terrain where the measured data were obtained. There is,
however, a problem in extrapolating to other geographic locations
(e.g., Thailand to Panama) 3 1 aud also in extrapolating to other
frequencies.

7.3 Relationship Between Vegetation Physical and Electrophysical
Proper ties

It is important to try to relate the electrophysical properties
required in propagation models to physical properties of the forest
environment which can be measured. Several attempts have been made
to relate forest electrical properties to biomass (tons pez acre)
of vegetation in a given area and to biodensity (pounds per cubic
foot). Foresters have developed relationships between 3reast Height
Diameter .(BHD) and biomass. 3 2 Other relationships have been developed
empirically between BHD and tree height. Hence, one can compute
biomass for an area from the number of trees and their BHD's and
convert to biodensity by dividing biomass by some measure of effec-
tive tree height. The spacing of trees as expressed in terms of
nearest neighbor distance (NND) is another parameter that has been
found to be useful in relating physical properties of forests to
radio propagation effects. The radio frequency at which the pattern
of a vertical whip antenna in a forest starts to develop significant
lobing in azimuth can be related to NND. 33 Also, the probability of
being within a given distance of a vertical tree trunk with a
vertical dipole antenna can be estimated from this parameter. The
effects on antenna driving-point impedance as a function of distance
from a vertical tree trunk have been measured and modelled by Vichit. 3 4

This parameter is important in computing mismatch loss for antennas
operated in a forest.

8.0 MEASUREMENT TECHNIQUES AND LIMITATION

8.1 Earth Fl.ectrical Properties

The various techniques for measuing the electrical properties
of ground have been reviewed by Lytle at this workshop Another
comprehensive review of 5is topic was prepared by MaleA6 who parti-
cip.ated in 1967 workshop where these techniques also were discussed.
The IEEE Wave Propagation Standards Commiittee 'ias recently adopted a
set of standardized techniques for ground constant measurement. 3 8

One rust be careful to pick the appropriate technique for the measure-
ment situation involved. It should be noted that there are difficulties
in measuring conductivity at very high frequencies where -. W . . ,,
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and there are corresponding difficulties in measuring relative dielec-
tric constant ( 6 r) for caser, where 6-rE.

8.2 Vegetatior Electrical Properties

The var jus techniques for measuring vegetaticn constants have
been reviewed by Hagn. 2 9 The open-wire t.ansmission line technioue
is useful for frequencies below approximately 100 MEz. For higher
frequencies, the oaly known techniques for in situ measurements
involve fitting propagation models or antenna pattern models. These
te-ýhniques h~ve decreasing utilitv above !- 500 MHz and probably have no
validity Zor Er above about 1 GFz. The Reeve-Adams technique hns
potential utility at LF, MF and the lower part of the 1F band. 3 0

9.0 CONCLUSIONS AN-) RECOMMENDATIONS

The couqlusions and recommendations are dJvided into two cate-
gories: those which can be implemented without additional research
through the use of existing information, and those which require
additional reseazch and development.

9.1 Recommendations for Use of Existing Information

9.1.1 Information Retrieval and Dissemination

It was concluded that much data currently exists in the A & D
community but that this information is widely disbu1 3ed and is not
generally known or available to DOD users. It is recommended that
an information retrieval system tailored to the specific body of
Information covered in this workshop be established and maintained at
the Defense Documentation Center. Such a system would include a
user's guide containinF the appropriata key words etc. and the capa-
bility for generatir-. 1-cerature surveys.

9.1.2 Texts, 1landbooks and Instructor's Manuals

While this workshop has provided a start towards pulling together
the information available on the design, operation and performance
evaluation of radio systems in forested areas, it is still necessary
to integrate, this information into the documents described below:

* An engineer/physicist text on radio systems in forested
areas that will put all the germane material in a single volume,
analogous to the Rad lab series preparec after World War II.

* A field user's handbook, which will be at a lower technical lev-
el than the text,andwill describe for the maa in the field the most
desirable practices for typical operational situations. The format
could be question-answer or comic book narrative (like some existing
field maintenance guides).

e Texts for the Signal Corps schools and doctrinL should be
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reviesied for accuracy and currency and rewritten as required. The
requirement for documents devoted solely to the topic of operations
in forested areas should be revi,-wed.

& An instructor's manual should be written to provide a
guide which parallels the classroom text(s) and at the same time
provides the i.structor with more depth in the subject. The manual
should also provide references so the instructor can easily learn of
other work to increase his knowledge as he finds necessary.

9.1.3 Computer Model Users Guide

A computer model users guide should be generated. This guide
ehoatld include models for antennas, propagation, ncise and inter-
fdrepce and radio syatems performance. The type cf information
requir-ed includes: model name, definitive referen-e(s), general
purpose,special features, status of development and validation,
availability (source and forma-), "in.-put required, outputs generated,
limitations (frequency, distance, antenna heights, etc.), input data
availability (source aud accuracy). The guide should also indicate
how t%; run the models (if at all) when the input dat& are incomplete.
An indication of preferred models should be made for cimonly occurring
operational and design situations, including running cost as a criteria.

9.1.4 Model Comparison and Parametric Sensitivity Study

Existing models for the same purpose (e.g., calculation of basic
transmission loss in forests) should be run wth the same input data
and the results compared. A standard set of problems, useful as
diagnostics, should be generated to facilitate checking models after
software modification or after a change of computer. A parametric
sensitivity study should be performed for each model to identify the
most significant parameters and to help indicate the accuracy required
for the environmental input data.

9.1.5 Relating P •ysical and Electrophysical Environments

The state of the art should be documented (beyond that possible
74- in this workshop) regarding our current ability to infer the electro-

physical properties of the forest enviroment needed to run analytical
models from our knowledge of the physical environment as provided by
foresters and biogeographers. This should be done fox the cases where
we can and cannot have direct access to the forest.

9.1.6 Check of Other Sources of Forest Environmental Data

A check should be made of the intelligence community and other
sources of classified information for both reports on techniques of
categorization of the forest environment as well as for data on
forests of interest. Also, NASA should be checked for metxods of
handling ERTS and similar data.
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9.1.7 Information Flow Between R & D Community and DOD User Commun-
ity.

WG IV attendees concluded that this workshop helped considerably
to facilitate information flow between DOD users of R & D information
(e.g., Dr. Kitchen, who is tasked with calibrating the Canal Zone test
range for radio purposes) and the R & D community who generated the
needed technical information. DOD managers should continue to take
thc. initiative in maKing sure that the results of work done under
DOD R & D contracts reaches the DOD operational and test and eval-
uation personnel in a form they can use.

9.2 Recommended Research and Development

9.2.1 Refined Relationships Between Phyaical and Electrophysical
Environments.

Additional research and development will be required to establish
better relationships for estimating electrophysical parameters from
information on the physical environment obtained from maps, overflights,
satellite data etc. The relationships between data required for mobil-
ity studies in forests and communication studies in forests should be
investigated. The utility of physical models sho-uld be explored.

9.2.2 Validation of Existing Antenna, Radio Propagation and
System ?erformance Models.

Existing models should be checked by making predictions followed
by field measurements at U.S. test ranges anu proving grounds. This
procedure would help in the calibratiou of test ranges and proving
grounds for future communications, radar and sensor equipment tests as
well as provide dat... useful for assessing the confidence with which
existing models can be used, Current models are not well verified!

9.2.3 ifsasurement of Vegetation Electrophysical Parameters

Better uethods for measuring vegetation electrical parameters
below 100 MHz should be developed. Advanced open-wire transmission
line proLes should be tried and the wave impedance method of Reeve and
Adams should be better developed and checked. The antenna pattern
measurem-ut method should be further developed using statistical
techniques, especially for 100-1000 MHz. New techniques are neededf>iGHz.

9.2.4 Biomass, Biodensity and Forest Effective Height

The relationship between biomass as measured by foresters, the
effective height of the forest as required in the slab models, and
biodensity as related to wha. ,pen-wire transmission line probes
measure should be further explored. The relationship between forest
effective height and tree height -.s measured by foresters needs
better deiinitiotn.
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9.2.5 Ground Electrophysical Parameters

The use of surface ground electrical parameters which vary
with irequencv in antenna and propagation models should be further
explored, and the results should be compared with those produced
by models assuming frequency-independent parameters. Ground elec-
tr )physical parameters should be measured as a function of radio
frequency over longer time periods (e.g., at least several times
a day for one year at the same site) to dEternLne both diurnal and
seasonal variations of surface values.

9.2.6 Climatological Investigations

The primary investigations in and above forests skould define
humidity; liquid water content, and temperature as a function of
height and atmospheric pressure to facilitate studies of ducting, Let.

9.2.7 Moisture Content of Vegetation

Ground-based techniques for meEsuring the moisture content of
living vegetation should be furthei" explored, with emphasis on micro-
wave techniques. Also remote sensing techniques -,(overflight, satellite,
etc.) involving the use of radiometers, scatt.ýrometers, end multispec-
tral photography shoutLld receive additional attention. Attempts to
relate moisture content to electrophysical properties should continue.

9.2.8 Network Approach to Forest Propagation Analysis

The 2-port and 4-port network approach to analyzing propagation
in forests should receive renewed attention. Modern zietwork analyzers
should ba useful, especially at microwaves, to study the effects of
polarization, meteorological effects (wet vs. dry, wind blowing or
not) as a function of time for both shorter and longer t.ise intervals.
Such work could help identify important v-riables at the iigher fre-
quencies.

9.2.9 Effective Antenna Height and Irreducible E.'ror in Propa-
gation Models.

A major source of uncertainty in radio propagation models is the
specification of the effective antenna height in irregular terrain.
This topic should receive further study, and the concept of an
essentially irreducible error (i.e., irreducible standard deviation, "
of the difference between model prediction and measurement sample)

should be explored. Such an irreducible &, if it exists for a given
model and terrain category, would provide guidance regarding the
accuracy of required enviromental data for that model and terrain.
It could also provide a method of estimating the improvements to be
expected from proposed model refinements.
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9.2.10 Relationship Between Military Scenarios and Radio System
Performance Models

The relationship between selected military scenarios and radio
system performance node]s should bp- reviewed and a methodology for
specifying ind obtaining environmental input data should be further
developed. The methodology and molel should be checked during field
exercises, especially those cc-ducted at test ranges.

9.2.11 i o-Poi.nt Correlations

Methods must be developed for measuring (or inferring) the 2-
point correlation function of a forest, as required for models of
propagation through random media.

9.1.12 Remot- Sensing of Varests

Empirical relatiouships between the macroscopic electrical pro-
perties of forests and the outputs from remote 3ensors, such as syn-
thezic aperture imaging radars, r&diometer3, etc. should be sought
using a mitlti-frequency, m-ilti-polarJzation appioach. 39
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MAJOR FINDINGS, CONCLUSICNS AND RECtaENATIONS

C. W. Bergman, Working Group Chairman

1. The participants in the working groups of the workshop understood,
it is believed, that the objectives, although highly commendable.,
could not be fully realized during their stay at Fort Huachuca, but
that this was a necessary beginning.

2. Time did riot allow a full investigation of how all present operational
radio or radar systems could benefit by applying knowledge which already
exists. Nor was there sufficient time to identify all areas of future
research applicable to existing or planned radio systems. However, it
seems clear that some generalized recommendations can bj made which,
if followed, will move us toward realization of the st1,tc, objcctives.

(1). The texts used for the training of personnel in all service
schools should be reviewed in order to determine if the material is
compatible with the findings of the research efforts. These texts should
be expanded to include R&D findsing as noted herein, pertinent to their
subject matter.

(2). Appropriate R&D results should be condensed into a single
graduate level textbook on the subject of electromagnetic systems in
forested or foliated environments.

(3). Present propagation models need to be better qualified by
further comparison with measured data and then made available to the
various users with full explanation of their capabilities and remaining
constrain,

(4). Further effort (in addition to 3 above) is needed on the
existing models, but this should be identified with and bounded by
specific operational needs.

(5). In order to more effectively apply results of the research to
operation problems there must be a further =mtual exchange of information
between the operational and the research people to better identify
specific problems.

3. To more fully realize objectives of the workshop (and also move
toward better application of SEACORE and related findings), further
contact is essential among key pexsonnel of the following military
groupings:

(1). Research, development and engineering organizations.
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(2). Schools and training activities.

(3). Operating agencies.

A series of smaller scale, less formal meetings than this workshop
are needed to address detailed needs, problems and trade-off aspects
involved in problem-solving for the various interests noted in (1)
thru (3) above. It is, therefore, suggested that a small group of
those who have detailed knowledge and understanding of the research
done under t~he SEACORE Program be made available to discuss the appli-
cation of this research w:ith the school and training activities and
with the several operating commands. Once this is done, it will be
possible to outline a development program for each agency towards
realization of the details of their particular solution. Coordination
between agencies could be greatly aided by the R&D group, chus
ensuring a minimum of duplication among various interests.

3. In conclusion, it is agreed by all that a great deal of applicable
information and experience was obtained in the SEACORE Program which
can be and should be applied in order to imnprove eYisting and planned
radio systems; further, that much of the money spent in doing the
research will. have been wasted without the incremental effort needed
to do this.
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APPENDIX B: SUMARY OF REPORTS AND ARTICLES FROM PROJECT SEACORE,

SPONSORED BY THE ADVANCED RESEARCH PROJECTS AGENCY
AND THE U. S. ARMY ELECTRONICS COMMAND

Prepared by: M. Acker, G. H. Hagn and R. A. Kulinyi

1. PREFACE

The paper by R. A. Kulinyi defines the scope and provides an

overview of Project SEACORE (a part of ARPA's Project Agile).

This appendix is a list of reports (and articles printed through

July 1973) summarizing the results of Project SEACORE. Other

reports and article-s on forest propagation and related topics

exist that were done as pz'r" of ARPA's Project Agile but not

as part of SEACORE, and likewise documents exist that were

part of ECOM's overall effort in this area but were not parc

of SEACORE. Most of these documents are referenced in the

papers in this report, or in their references. Although the list

of SEACORE reports is now complete, additional articles

inccrporating SEACORE results are in preparation.
I

The following list of reports is arranged by contract, and

the articles are listed at the end.
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2. Title: "Tropical Propagation Research"

Contractor: Atlantic Research Corporation
(Jansky and Bailey Research and Engineering Dept)
5390 Cherokee Avenue
Alexandria, Virginia 22314

Contract: DA 36-039 SC-90889, ARPA Order 371

a, Semiannual Reports

(1) Semiannual Report I - July - Dec 62 AD 609 284
(2) Semiannual Report 2 - Jan - June 63 AD 609 285
(3) Semiannual Report 3 - July - Df: 63 AD 609 286
(4) Semiannual Report 4 - Jan - June 64 AD 451 045
(5) Semiannual Report 5 - July - Dec 64 AD 460 634
(6) Semiannual Report 6 - Jan - June 65 AD 474 377
(7) Semiannual Report 7 - July - Dec 65 AD 486 499
(8) Semiannual Report 8 - July - Dec 66 AD 662 267
(9j Semiannual Report 9 - Jan - June 67 AD 486 499

(10) Semiannual Report 10- July - Dec 67 AD 676 870
(11) Semiannual Report 11- July - Dec 68, J. J. Hicks and

R. G. Robertson AD 697 ]58
(12) Semiannual Report 12- Jan - June 69, R. G. Robertson

AD 708 902

h. Final Reports

(1) Volume I - Oct 67 AD 660 318
(2) Volume ii - Nov 69, j. J. Hicks, A. P. Murphy,

E. L. Patrick and L. G. Sturgill, AD 706 232
(3) Volume III-Nov 70, R. G. Robertson, J. J. Hicks,

C. B. Sykes and P. A. Anti, AD 714 300
(4) Volume IV-Dec 72, J. J. Hicks, R. G. Robertson,

C. B. Sykes, and P. A. Anti, AD 755 257

3. Title: "Research Engineering and Support for Tropical
Communications"

Contractor: Stanford Research Institute
333 Ravenswood Avenue
JrMenlo Park, California 94025

Contracts: DA 36-039 AMW-00040 (E) ARPA Order 371; and
DAAB07-70-C-0220 (The four reports prepared
under this ECOM contract (STRs 39, 42, 45 and
46) are so indicated.)
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a. Semiennual Reports

(1) Semiannual Report i - Sept 62 - Feb 63, W. R. Vincent

AD 480 589
(2) Semiannual Report 2 - Mar 63 - Aug 63 AD 480 590

(3) Semiannual Report 3 - Mar 64 - Aug 54 AD 458 523

(4) Semiannual Report 4 - Sept 64 - Mar 65, R. E. Leo,
C H. Hagn and W. R. Vinceit AD 474 163

(5) Sem.iannual Report 5 - Apr 65 - Sept 65, G. H. Hagn,
H. W. Parker and E. L. Younker AD 486 466

(6) 3:miannual R:.port 6 - Oct 65 - Mar 66, G. H. Hagn,
E. L. Younker, and H. W. Parker AD 653 608

(7) Semiannual Report 7 - Apr 66 - Sept 66, E. L. Younker,

G. H. Hagn, and H. W. Parker AD 653 615
(8) Semiannual Report 8 - Oct 66 - Mar 67, E. 1. Younker,

G. H. Hagn, and H. W. Parker AD 675 459

b. Final Reports

(1) Final Report Volume I - Sept 62 - Feb 64, (Sept 1964)
AD 480 594

(2) Final Report - Tý.sk I, "Counterinsurgency Coamuni-
catikns Requirements in Thailand (U)", Y. Lucci
(Dec 1966) CONFIDN.NTIAL. AD 380 555

(3) Final Report - Sept 62 - Feb 70, G. H. Hagn and
G. E. Barker (Feb 1970) AD 889 169

c. Special Technical Repor's (STR) and Researcn Memoranda (RM)

(1) STR 1, "Communications Systems Implications of Thai
Speech", K. Dimnmick, (June 1965). AD 473 557

(2) RM 2, "Voice Tests on Manpack Radios in a Tropical
Environment", W. R. Vincent, (July 1963). AD 480 591

(3) R• 3, "Field Tests on Manpack Radios in a Tropical
Environmentu, W. R. V'ncent, (July 1963). AD 472 860

-4 (4) RM 4, "Scale-Model o'e,.surements on a Sloping-Wire
Antenna", T. S. Cory, (June 1963).

(5) RN 5, "Orientation of Linearly Polarized Re Antennas
for Short-Path Cou--nications via the Ionosphere near
the Geomagnetic Equator'•, (Aug 63, Revised June 1964),
G. H. Hagn AD 418 497 and AD 480 592

(6) RPH 7, "Measured Impedances of Some Tactical Antennas
near Ground", T. S. Cory and W. A. Ray, (Feb 64)

AD 480 593
(7) STR 8, "Field Tests of VHF Manpack Radios",

N. K. Shrauger (Apr 65) AD 480 587
(8) STR 9, "Absorption'of lonospherically Propagated HF

Radio Waves under Conditions where the Quasi-Transverse
(QT) Approximation is Valid", G. H. Hagn, (Sept 64)

AD 480 588
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(9) STR 10, "Full-Scale Pattern Measurements of Simple
HF Field Antennas", W. A. Ray, (May 66) AD 487 49

(10) STR 11, "The Use of Ground Wave Transmission-Loss
and Intelligibility-Test Data to Predict Effective
Range and Performance of VHF Manpack Radios in
Forests", G. H. Hagn, (Sept 66) AD 672 06!

(11) STR 12, "Survey of Literature Pertaining to the
Equatorial Ionosphere and Tropical Communication",

G. H. Hagn and K. A. Posey, (Feb 66) AD 486 80(
(12) STR 12 - Addendum, "Subject Index for Survey of

Literature Pertaining to the Equatorial Ionosphere
and Tropical Communication", C. H. Hagn, K. A. Posey,
and H. W. Parker, (Oct 66) AD 805 545

(13) STR 13, "Feasibility Study of the Use of Open-Wire
Transmission Lines, Capacitors, and Cavities to
Measure the Electrical ProperLies of Vegetation",
11. W. Parker and G. H. Hagn, (Aug 66) AD 489 294

(14) STR 14, "Faraday Rotation Measurements of Electron
Content near the Magnetic Equator using the
Transit IV - A Satellite", C. L. Rufenach, V. T. Nimi.
and R. E. Leo, iJan 66). AD 486 729

(15) STR 15, "Comparison of C-2 Ionospheric Sounder Data
with Frequency Iredictions for Short-Range Communi-
cation with Manpack Transceivers in Thailand",
C. L. RuIenach and G. H. Hagn, (Aug 66) AD 662 065

(16) STR 16, "A Note on the Computed Radiation of Dipole
Antenna in Dense Vegetation", J. Taylor, (Feb 66)

AD 487 495
(17) STR 17, "Licerature Survey Pertaining to Electrically

Small Antennas, Propagation Through Vegetation, and
Related Topics", J. Taylor, K. A. Posey and G. H. Hagn
(Jan 66) AD 629 155

(18) STR 18, "Ionospheric Sounder Measurements of
Relative Gains and Bandwidths of Selected Field-
Expedient Antennas for Skywave Propagation at Near-
Vertical Incidence", G. H. Hagn, i. E. van der Laan,
D. J. Lyons, and E. M. Krainberg, (Jan 66) AD 489 537

(19) STR 19, "Preliminary Results of Full-Scale Pattern
Measurements of Simple VHF Antennas in a Eucaluptus
Grove", G. H. Hagn, G. E. Barker, H. W. Parker,
J. D. Hice, and W. A. Ray, (Jan 66) AD 484 239

(20) STR 20, "Human Fa,ýcors in Thai Counter-
insurgency Communications," A. D. Levando-isky,
(Jan 66) AD 825 3Z7L

(21) STR 21, "Controller's Data Display Mark II -
Instruction Manual", S. E. Wahlstrom, (Jun 66)

AD 486 799
(22) STR 22, "Survey of Existing Communications Systems

in Thailand (U)", CONFIDENTIAL, D. A. Price (May 66)
AD 377 365
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(2-j STR 23, "Communications in Low-Intensity Counter-
insurgency: A Study of the Border Patrol Police in
Thailand (U)," SECRET, J. A. McLeod and R. E. Morse,
(May 66) AD 383 804L

(24) STR 24, "Cor.-mimnications Traffic Requirements to
Support Counterinsurgency Operations against Medium-
Level Insurgency in Thailand (U)," CONFIDENTIAL
A. Gualtieri, (May 66) AD 377 364

(25) STR 25, "Full Scale Pattern Measurements of Simple
it Field Antennas in a US Conifer Forest," W. A. Ray,
G. E. Barker, and S. S. Martensen, (Feb 67)AD 653 165

(26) STR 26, "Initial VHF Propagation Results Using
Xeledop Techniques and Low Antenne. Heights",
N. K. Shrauger and K. L. Taylor, (Dec 66) AD 653 609

(27) STR 27, "Manual for ARN-3 Type Atmospheric Noise
Measurements Equipment," R. L. Brown, (Nov 66)

AD 653 780
(28) STR 28, "Eva3uation and Prediction of Maximam Usable

Frequency (M1JF) over Bangkok," C. L. Rufenach,
(Jan 67) AD 655 566.

(29) STR 29, "Electrical Ground Constants of Central,
Eastern, and Northeastern Thailand," T. Kovattana,
(Feb 67) AD 661 058

(30) STR 30, "Three Techniques foz Measurement of Ground
Constants in the Presence of Vegetation," N. E. Goldstein,
H. W. Parker and G. H. Hagn (Mar 67) AD 672 496

(31) STR 31, "Orientation Measurements in Thailand with HF-
Dipole Antennas for Tactical Communication' LCDR.
P. Nacaskul, R.T.N., (Jun 67) AD 675 460

(32) STR 32, "Ionospheric and Magnetic Obse.v.tions at
Bangkok, Thailand, During the Annular Solar Eclipse on
23 November 1965," J. E. van der Laan, (Dec 67)

AD 672 068
(33) STR 33, "Measurements of Equatorial Magnetic Dip

Angle at Ionospheric Heights," V. T. Nimit (May 67)
AD 662 064

(34) STR 34, "Measurements of Electron Content and
Latitudinal F-Layer Critical Frequency near the
Magnetic Equator," V. T. Nimit (Feb 68) AD 647 461

(35) STR 35, "Full-Scale Pattern Measurements of Simple HF
Ficld Antennas in a Tropical Forest in Thailand"
G. E. Barker and G. D. Koehrsen (Feb 68) AD 647 739

(36) STR 36, "Sdlected Examples of VHF Signal Propagation
Revnrds in Tropical Terrains," N. K. Shrauger and
E. M. Kreinberg (Yov 67) AD 672 070

(37) STR 37, "Analysis of Median-and-High-Frequency
Atmospheric Radio Noise in Thailand," R. Chindahporn
and E. L. Younker (May 68) AD 681 878
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(38) STR 39, "Full-Scale Pattern Measurements of Simple

VHF Antenias in Thailand Tropical Forest",
G. E. BarKer and W. A. Hall, (Dec 71) (This report
was published under Contract DAAB07-70-C-0220)

AD 738 177

(39) STR 40, "Further Evaluation of Frequency Predictions
for Short-Path Radio Conmiunications in Thailand",
V. T. Nimit, (Jan 68) AD 675 462

(40) STR 41, "A Study of the Electromagnetic Properties
of an Isolated Tree", V. Lorchirachoonkul, (Feb 68)

AD 687 298
(41) STR 42, "Open-Wi'e Transmission line Techniques for

Measuring the Macroscopic Electrical Properties of a
Forest Region", J. Taylor, Ching Chun Han, Chung
Lien Tien, and G. H. Hagn, (Jun 72) (This report was
published under Centrant nAA•07-70-C- G20) AD 755 551

(42) STR 43, "Electric Constants Measured in Vegetation
and in Earth At Five Sites in ThallaiLd", H. W. ia},ker
and W. Makarabhiromya, (Dec 67) AD 674 740

(43) STR 44, "VHF Diffraction and Groundware Propagation
Tests Using Ionospheric Sounders", J. E. van der Laan,
D. J. Lyons, D. J. Barnes, and G. H. Hagn, (Jui. 68)

AD 720 598
(44) STR 45, "Measurement and Modeling of the Radiation

Patterns of Simple HF Field Antennas over Level,
Mountainous and Forested Terrains", G. E. Barker,
J. Taylor and G. H. Haga, (Dec 71) (This report was
published under Contract DAAB07-70-C-0220) AD 737 724

(45) STR 46, "VHF Propagation Res-its Using Low Antenna
Heights in Tropical Forests", G. H. Hagn,

N. K. Shrauger and R. A. Shepherd, (Mar 73) (This
report was published under C.ntract DAAB07-70-.C-0220)

AD 768 205

(46) STR 47, "HF Atmospheric Radio Noise on Horizontal
Dipole Antennas in Thai.land", G. H. Hagn,
R. Chindahporn and J. M. Yarborough, (Jun 68)

"AD 681 879
(47) STR 49, "The Counting of Lightning Flashes",

E. T. Pierce, (Jun 68) AD 682 023

d. Ionospheric Data Reports

(I) "Ionospheric Data: Bangkok, Thailand", September 63-
March 67, V. T. Nimit:

AD 800 613, AD 800 6L4, AD 480 574, AD 800 615,
AD 800 616, AD 800 617, AD 800 618:, AD 800 619,
AD 800 620, AD 480 575, AD 480 576, AD 480 577,
AD 480 587, AD 800 621, AD 800 622, AD 480 579,
AD 480 580, AD 480 581, AD 485 491, AD 480 582,
AD 800 623, AD 480 624, AD 480 583, and AD 800 625
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(2) "Vertical-Incidence Ionospheric Data: Thailand",
April 1966 - March 1967, B. E. Frank and G. H. 11agn,
(Dec 67) AD 669 601

e. Geophysical Data Reports

(1) "Faraday Rotatior. Data: Bangkok, Thailand",
November 1964 - June 1967, V. T. Nimit, et aL,
AD 436 677, AD 488 204, AD 807 773, and AD 819 257.

(2) "Atmospheric Radio Noise Data, Bangkok, Thailand",
A4arch 1966 - February 1968, R. Chindahporn, et al.,
AD 653 616, AD 652 685, AD 653 164, AD 662 771,
AD 663 801, AD 663 802, AD 665 382.

(3) "Geomagnetic Data, Bangkok, Thailand", January 1966 -

December 1966, D. J. Barnes and J. Chapman:
AD 659 407, AD 667 957, AD 665 377, and AD 667 958

4. Title: "Basic Laboratory Operation and Support"

Contractor: Stanford Research Institute
333 Ravenswood Avenue
Menlo Park, California 94025

Contract: DAAH0l-70-C-0550; ARPA Order 1544

a. Final Report, J. E. van der Laan and S. W. Lewinter,
(Sept 73) AD 914 5771

5. Title: "Additional Communication Studies"

Contractor: Stanford Research Institute
333 Ravenswood Avenue
Menlo Park, California 94025

Contract: DA 28-043 AMIC-02201(E)

a. Report: "A Field Guide to Simple HF Dipoles", C. Barnes,
J. A. Hudick and M. E. Mills, (Mar 67) AD 684 938

b. Final Report: "Field Test of AN/GRA-93 ( ) HF Antenna Kit
for Short-Path Skywave Communication in Thailand Forest
Environment", G. H. Hagn, D. J. Barnes, J. W. Chapman,
J. E. van der Laan, D. J. Lyons and J. P. Muro (Aug 67)

AD 661 100
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6. . Title: "An Experimental Study of Radio Wave Propagati(
In Simulated Forests and other Dissipative
Environments"

Cont. ctor: Polytechnic Institute ef Brooklyn
Electrophysics Department
Brooklyn, New York 11201

Coitract: DAAB07-68-C-0222; ARPA Order 1101

a. Semiannual Reports

(1) ECOM-0222-1, 14 February 1968 - 14 August i968,
T. Tamir (Sept 68) AD 680 30

(2) ECOM-0222-1, 16 June 1968 - 15 December 1969,
T. Tamir (Jan 70) AD 720 99

b. Final Reports

"(1) ECOM-0222-F, 14 February 1968 - 14 March 1969,
T. Tamir (Apr 69) AD 697 79(

(2) ECOM-O222-F, 16 June 1969 - 15 June 1970,
T. Tamir (Mar 71) AD 725 771

7.. ECOM SEACOPE Reports

a. T. Tamir, "The Role of the Sky and Lateral Wave- on
Propagation in Forest Environments," (Mar 67) AD 651 639

b. D. DuŽnce (ECOM) and T. Tamir (Polytechnic Institute of
Brooklyn), "Transmission Losses in e Forest for Antennas
Close to the Ground", :---earch and Development Technical
Report ECOM 2940, (Feb 68) AD 669 608

c. T. Tamir, "On the Electromagnetic Field Radiated above
the Tree Tops by an Antenna Located ir a Forest",
Research and Development Technical Report ECOM 3443

(Jun 71) AD 733 278
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8. SEACORE Articles

a. T. Tami', "On Radio-Wave Propagation ir Forest Environments",
IEEE Trans. Ant. and Prop., Vol. AP-!5, pp. 806-817

(Nov 67)

b. C. L. Rufenach, V. T. Nimit and R. E. Leo, "Faraday

Rotation Measurements of Electron Content near the
Magnetic Equator," J. Geophysics Res., Space Physics,

Vol. 73, No. 7, pp. 2459-2468 (1 Apr 68)

c. E. T. Pierce, "A Relationship Between Thunderstorm Days
anj :.ghtning Flash Density", Trans. A. G. U., Vol. 49,

pp. 686 (1968)

d. V. T. Nimit, "Measurements of Electron Content and
LaL.,udinal F-Layer Critical Frequency near the Magnetic
Uquator", Proceedings of the Third International Sympos Am
on Equatorial Aeronomy, Vol. II, pp. 277-284, published
by Physical Research Laboratory, Ahmedabad, India,
(3-8 Feb 69)

e. P. Nacaskul and V. T. Nimit, "Ionospheric Absorption over
Bangkok", Proceedings of the Third International Symposium
on Equatorial Aeronomy, Vol. I, pp. 77-84, published by
Physical Research Laboratory, Ahmedabad, India (3-8 Feb 69)

f. J. E. van der Laan, "Ionospheric and Magnetic Observations,
During the Annular Solar Eclipse of November 23, 1965",

J. Geophys. Res., Vol. 75, NR. 7, pp. 1312-1318 (Mar 70)

g. D. Dence and T. Tarir, "Radio Loss of Lateral Waves in

Forest Environments", Radio Science, Vol. 4, pp. 307-318
(Apr 69)

h. W. R. Vincent .ond G. H. Hagn, " .. =mments on the Performance
of VHF Vehicular Radio Sets in T:opical Forests", IEEE

Trans. Vehic. Tech., Vol. VT-18, No. 2, pp. G1-65
-Aug 70)

i. G. H. Haga and J. E. van der Laan, "Measured Relative

"Responses Toward the Zenith of Short-Whip Antennas on
Vehicles at High Frequency", IEEE Trans. Vehic. Tech.,

Vol. VT-19, No. 3, pp. 230-236 (Aug 70)
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j T. W. Doeppner, G. H. lagn and L. G. Sturgill,

" "Electromagnetic Propagation in a Tropical Environment
(U)", Journal of Defense Research, Series B: Tactical
Warfare, Vol. 4B, No. 4, pp. 353-404 (Winter 72)
CONFIDENTIAL. This paper was declassified per DARPA
letter dated 4 June 1973.

k. G. E. Barker, "Measurement of the Radiation Patterns of
Full-Scale HF and VHF Antennas", IEEE Trans. Ant. and
Prop., Vol. AP-21, No. 4, pp. 538-544 (Jul 73)

1. G. H. Hagn, "On tJte Relative Response and Absolute Gain
Toward the Zenith of HF Field-Expedient Antennas --
Measured with an Ionospheric Sounder", IEEE Trans. Ant.
and Prop., Vol. AP-21, No. 4, pp. 571-574 (jul 73)
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